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Executive Summary
A. Overview of the research and motivation
The INNOPATHS project is using an intensive process of stakeholder
engagement and co-design in order to inform the development of technologically-detailed
decarbonisation pathways for Europe out to 2050. Building on the stakeholder-developed
narratives, state-of-the-art energy-economy-transport models will develop quantitative
scenarios leading towards low-carbon transformation pathways. In addition, sectorspecific tasks focus on improving the model representations of the transition dynamics in
specific energy demand and supply sectors, including technology parameterization,
demand evolution and enrichment of representation of sector-specific policies and
measures.
This deliverable presents a series of research papers which provide insights on
how the overall EU transport sector can drastically reduce carbon dioxide emissions
(CO2) until 2050 and analyse the influence of technological progress and specific
transport policies for decarbonising passenger and freight transport. The analysis is not
limited to the long-term developments, but also considers the mid-term developments (up
to 2030) that need to take place to pave the way towards the restructuring of the transport
sector towards decarbonisation (for instance technology development, infrastructure
building and setting policies). In this respect, we present case studies in which we explore
how the transition towards low-carbon transport technologies can take place, already in
the decade 2020-2030. Finally, the research papers present new model enhancements,
which allow an improved representation of policies and new technologies and fuels (as
well as their impacts) in the context of drastically reducing transport CO2 emissions by
2050.
Within the research activities of this task, the participating modelling teams
improved the representation of the transport sector policies and enriched the simulation
of alternative fuels and advanced technologies in existing large-scale energy-economytransport models. In particular, E3M used and enhanced the PRIMES-TREMOVE
transport model, while PIK linked the Integrated Assessment Model REMIND with the
detailed transport demand EDGE-T model. Particular focus is given on alternative energy
carriers such as e-fuels (i.e. synthetic fuels derived from electrolysis-based hydrogen) and
technologies, as well as on the conditions that enable dynamic maturity and uptake of
clean energy technologies. In this respect, E3M enhanced PRIMES-TREMOVE with
additional clean fuel categories, while CMCC used the WITCH IAM (Integrated
Assessment Model), to calculate the required R&D investment pathways for battery cost
reduction by 2050.
The model enhancements allowed the modelling teams to delve into key research
questions related to the transport decarbonisation. The focus of the research activities lies
on the following dimensions:


PU

Reducing road freight emissions: While trucks represent only a small
fraction of total road vehicles (4%), they contribute to approx. 25% of total
road transport emissions in the EU. E3M focused on further extending the
representation of the road freight transport sector in PRIMES-TREMOVE,
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by including additional truck categories and exploring the role of CO2
standards as a driver for trucks decarbonisation. E3M also implemented
the representation of CO2 standards on trucks in PRIMES-TREMOVE.
Policy insights derive from comprehensive scenario and sensitivity
analysis, highlighting the key role of CO2 standards towards large
emission reduction in the freight transport sector in the medium term.

PU



Accelerating the deployment of electricity recharging infrastructure
by 2030. While battery costs are rapidly falling, the deployment of the
electricity recharging infrastructure has progressed more slowly in most
EU countries. Private investors do not engage in the development of
recharging infrastructure due to high investment, policy and regulatory
uncertainty; consumers are also discouraged (due to range anxiety and
high cost for EVs) and do not purchase EVs. A “chicken-egg” situation
arises, which can delay the market uptake of electric vehicles. E3M
proposes a stylised modelling approach to simulate the interactions and the
decision making of the interrelated market actors of the EV ecosystem
(both public and private actors). The model is applied to the Greek case
study for the 2021-2030 period. Policy insights derive from scenario and
sensitivity analysis, highlighting the substantial role of governmental
support on developing the infrastructure in the first half of the 2020-2030
decade.



Long-term transport decarbonisation scenarios using a detailed
transport model: E3M utilised the improved PRIMES-TREMOVE
transport model to simulate transport decarbonisation scenarios in line
with the Paris Agreement ambition to limit temperature increases to 1.5 °C
compared to pre-industrial levels (1.5 °C trajectory). The enhanced model
version (i.e. representation of e-fuels and new technologies by transport
mode) quantified two “deep decarbonisation” scenarios: (i) one scenario
without e-fuels, but with extreme use of electricity, hydrogen and biofuels
and (ii) a second scenario that assumes high cost reduction and
commercialisation of e-fuels. The analysis aims to explore the potential
contribution from synthetic e-fuels in the decarbonisation of the transport
sector. A Strengths-Weaknesses-Opportunities-Threats (SWOT) analysis
has been carried out on the basis of the model results which provides a
comparison of the two scenarios and presents the implications on the rest
of the energy system.



Improving the representation of the transport sector in an Integrated
Assessment Modelling (IAM) framework: PIK developed a coupled
modelling framework consisting of a large-scale IAM (REMIND) linked
with a detailed transport model (EDGE-T). The model has been tested
under a baseline scenario framework and the mechanics of the model are
Page 14

Version 3

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D3.9 Report on transport sector decarbonisation

robust. The model will be used to quantify transport decarbonisation
scenarios over the next steps of the INNOPATHS project.


Analysing R&D strategies for decarbonising transport. CMCC
analysed a set of scenarios consistent with the 1.5 oC climate target
trajectory, using the WITCH model. The aim of the analysis is to assess
whether the EU RD&D investment in transport foreseen by the EU longterm strategy for batteries for electric vehicles is in line with the optimal
1.5 oC pathways. In addition, CMCC employed the FASST(R) model in
order to assess the impacts of the optimal RD&D strategies for the
transport sector on premature mortality in the EU.

The following table presents the list of the research papers included in this
Deliverable. Research paper P1 has been already published in a scientific journal1. At
least two additional research papers from this deliverable will be submitted for review in
scientific journals, after the submission of the deliverable.
List of research papers under Deliverable D3.9

Author

Paper acronym

Paper title

E3M

P1

Assessing the impacts of setting CO2 emission targets on truck
manufacturers in the EU: Implementation and application using the
PRIMES-TREMOVE transport model

E3M

P2

Modelling the evolution of business models for EV charging
infrastructure development: a case study for Greece

E3M

P3

Long-term transport decarbonisation scenarios using the PRIMESTREMOVE transport model

PIK

P4

Coupling a detailed transport model to an IAM

CMCC

P5

R&D Policies for the transportation sector - Results from the WITCH
model

1

Siskos, P., Moysoglou, Y. (2019). Assessing the impacts of setting CO2 emission targets on truck
manufacturers: A model implementation and application for the EU. Transportation Research Part A:
Policy and Practice, 125, 123-138.
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The thematic areas covered under the present deliverable are in line with the task
requirements. In the following, we present the envisaged key thematic areas included in
task requirements and how they are addressed by the five studies/ research papers.
Addressing Task requirements in the research papers

Partner

Research paper

Use and enhance the detailed PRIMES-TREMOVE
transport model linked with the PRIMESBiofuels/Synfuels model

E3M

# P3

Expansion of spatial resolution for trip categories

E3M

# P1

Incorporation of competition from synthetic fuels to be
produced by power-to-gas technology, in addition to
biofuels produced from lignocellulose feedstock;

E3M

# P3

Re-estimation of the 2-factor learning curves for
battery-based, fuel cell and synthetic fuel technologies

CMCC

# P5

E3M

# P2

E3M, PIK

# P1,P2,P3,P4

Higher spatial resolution for battery recharging
infrastructure and linkage to smart systems in the
power distribution grids
Enhance the representation of the transport sector in
large-scale energy-economy-transport models
Scenario sensitivities exploring:
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Different decarbonisation pathways in the
transport sector, such as electrification,
hydrogen, efficiency, biofuels and synthetic
fuels.
Timeliness of technology progress and
recharging infrastructure building;
consequences of possible lack of efficient
market coordination
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B. Key Insights of the deliverable
In the following we present the key insights and messages emerging from the
research papers.

B.1 Insights from Research Paper 1: Setting CO2 standards
on trucks
The European Commission introduced in 2018, for the first time, CO2 emission
standards for truck manufacturers, to incite additional reduction in the road transport CO2
emissions; trucks represent the second major contributor to CO2 emissions in the EU road
transport (after private cars). The research paper presents a model-based analysis which
simulates the implementation of such targets and policies in a comprehensive energy
economic framework and assesses the impacts of such standards on energy demand,
emissions and transport costs using the PRIMES-TREMOVE model.

CO2 standards on trucks can effectively reduce emissions
The model-based analysis shows that the implementation of CO2 emissions targets
on truck manufacturers will lead to a reduction in the emissions of the trucks in the EU
road freight transport sector. The implementation of CO2 standards outweighs the
increase in the CO2 emissions from trucks resulting from increased road freight activity
between 2015 and 2030. From the perspective of truck operators, the model-based
analysis shows that CO2 standards will significantly decrease the fuel expenditures
without an equivalent increase in the capital costs.

More ambitious CO2 standards on trucks positively
influence the uptake of alternative powertrains
LNG trucks are found to be favored from the presence of standards as the CO2
emission factor of natural gas is significantly lower relative to diesel. Finally, the presence
of standards is found to positively influence the uptake of zero emission trucks,
includinghydrogen and electric trucks, for the horizon until 2030, in the most ambitious
scenario, in particular.
Regarding the 2030-2050 period, significant reductions in GHG emissions from
trucks will be needed in order to contribute to the ambitious decarbonisation of the sector.
A combined approach of setting progressively more ambitious CO2 emission standards
on truck manufacturers and identifying and implementing policy measures to manage
activity growth of road freight transportation is suggested for the period beyond 2030.
More ambitious standards will trigger the uptake of zero emission truck technologies that
will become increasingly competitive by 2050, while fiscal measures, like road charging
based on environmental criteria, can manage the growth of the diesel-powered trucks
transport activity in the EU.

PU
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B.2 Insights from Research Paper 2: Evolution of business
models for EV charging infrastructure development in
Greece
It is widely accepted that a strategy promoting electric vehicles (EVs) is an
essential component of transport decarbonisation. However, scaling up the penetration of
EVs challenges policymaking as the high purchasing costs, the limited infrastructure and
the range limitations of the EVs hamper technology uptake by consumers. A recharging
infrastructure with wide coverage addresses range limitations but requires high
investment costs with uncertain returns during the early stages of the process. The aim of
the research presented in this paper is to assess how policy options may affect EV
penetration and the involvement of the private sector in infrastructure deployment. To
this end, we propose a stylized model of the decision problem simulating the interactions
between the actors of the EV charging system: government, private investors,
government-regulated distribution system operators (DSOs) and consumers. We use the
modelling approach to assess the factors influencing the uptake of private investors in
developing recharging infrastructure in Greece for a ten-year period, until 2030; the
modelling considers the national objective (included in the Greek NECP) to reach a 10%
EV penetration in the total fleet of cars in 2030.

DSO-driven deployment of charging stations is necessary
in Greece for the early years (2021-2024) to develop a
critical mass of charging points
The analysis for Greece shows that the deployment of charging stations by
government-regulated DSOs is necessary early in the period 2021-2030 as, even with
subsidies for charging stations, the revenues are too uncertain to attract private capital.
On the second half of the decade 2020-2030, private investors are found to start engaging
in the deployment of charging infrastructure, benefiting from a more mature EV market
(higher uptake of EVs by consumers) and the subsidisation. It is of utmost importance to
develop a critical mass of EVs already in the first years of the upcoming decade. The
increased charging demand and infrastructure utilization, combined with sufficient
subsidization, should incite, in the mid-term, the participation of the private sector with
an aim to eventually let the market forces lead the evolution of the system.

Financial support is needed to trigger private investments
in the period 2024-2028
Subsidising the price of the charging points deployed by private investors, is
necessary to ensure a smooth transition period from a DSO-led deployment to a complete
private business model. The transition period for Greece is found to take place around
2025; this is also influenced by the evolution of the costs of the charging points and the
purchase price of EVs. When being subsidised, private investors find the recharging
business more attractive and start engaging earlier than in cases of no subsidy. We find
that such development leads to an earlier accumulation of a critical mass of charging
points which quickly cancels the range anxiety effects. The analysis finds that by 2030
the private model is fully deployed, basically indicating that the “chicken-egg” situation
has been effectively resolved, but with the involvement of DSO in the early stages of the
transition.
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B.3 Insights from Research Paper 3: Long-term transport
decarbonisation scenarios
The EU climate policy ambition towards deep decarbonisation and climate
neutrality by mid-century requires the decarbonisation of EU transport sector. Alternative
technological options can lead to such decarbonisation, including electric vehicles,
advanced biofuels, hydrogen and the so-called e-fuels (i.e. synthetic fuels derived from
electrolysis-based hydrogen and other processes). To simulate the impacts of transport
decarbonisation, we enhanced the PRIMES-TREMOVE model with an explicit
representation of e-fuels technologies by mode and an enhanced linkage with the fullyfledged PRIMES energy system model. The improved PRIMES-TREMOVE transport
model is then used to simulate transport decarbonisation scenarios in line with the
ambition to limit the global temperature rise to 1.5 oC by 2050. We quantified two EU
transport decarbonisation scenarios: (i) one scenario without e-fuels (“No E-fuels”
scenario), but with extreme use of electricity, hydrogen and biofuels and (ii) a second
scenario with contribution from e-fuels (“E-fuel contribution” scenario). The analysis
aims to explore the potential contribution from synthetic e-fuels in the decarbonisation of
the transport sector. A SWOT analysis has been carried out on the basis of the model
results, which provides a comparison between the two alternative scenarios and presents
their implications both on transport and on the non-transport sectors of the energy system.

A SWOT analysis of different strategies for long-term
transport decarbonisation
The quantitative analysis undertaken through the model shows that the deep
decarbonisation of the transport sector, in line with the ambition to limit temperature
increases by 1.5 oC, by 2050 is feasible for both scenarios. In the following tables, we
summarize the SWOT analysis for the two contrasting strategies.
SWOT analysis of the "E-fuel contribution" scenario

Strengths

Weaknesses














Continued use of available mature vehicle
technologies
Use of available refuelling infrastructure
Reduction in CO2 emissions
No impacts on passenger mobility habits
No impacts on freight transport & logistics
Balanced diversification of energy sources
in transport
Limited competition for land use with other
sectors

Opportunities

PU



Remaining air pollutant emissions
Remaining noise levels due to ICE
High demand for electricity (due to
relatively inefficient transformation
process)
Possible stresses in RES potentials, due
to the vast amounts of electricity
required

Threats
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Increased synergies with power generation
(e-fuels serve as storage of excess variable
RES production)
Social equity (more affordable ICE
vehicles, especially for low-income
households)






High R&D sources split over multiple
technologies (in particular for e-fuels
conversion pathways; less for batteries
and fuel cells)
Expected high e-fuel prices (dependent
on the costs of conversion technologies)
Potential stresses on financial resources
to be used for multiple technologies
commercialisation

SWOT analysis of the " No E-fuels" scenario

Strengths

Weaknesses












Reduction in air pollutant emissions in
road transport
Reduction in noise levels in road transport
Reduction in GHG emissions
Puts less strain on the power generation
system, relative to
the “E-fuel
contribution” scenario
EV and battery technology are rapidly
improving and can be competitive to ICE
cars even by 2030







High demand for advanced biofuels
Potential limitations on passenger
mobility habits (by using more BEVs and
FCEVs)
Need for technology breakthrough in the
battery and fuel cell technologies (i.e.
more than the “E-fuel contribution”
scenario
Impacts on freight transport & logistics
(rerouting, etc.); hidden costs due to
lower vehicle ranges
Increased CAPEX (for long-range BEVs
and FCEVs)

Opportunities

Threats











Likely cheaper running costs (for
households and businesses)
Exploit (to a certain extent) advanced
biofuels (those not competing to land-use
and food-supply)
Facilitate new transport modes, possibly
creating new market opportunities (like
small e-cars in city centres, e-scooters)
Opportunities for job creation in the
electricity sector, especially in RES-based
technologies. Electricity has a high
potential for creation of jobs.





Competition for land use with other
sectors due to biofuel use
Uncertainty regarding biofuel prices
(dependent on the costs of conversion
technologies and feedstock availability)
Current
infrastructure
(refineries,
transport of oil products and petrol/diesel
stations) become stranded assetsnegative impacts on employment in these
sectors

Electricity is a no-regret option for short distance private
transport.
The use of electricity is a no-regret option for private transport mobility for urban
and sub-urban areas. The range autonomy of electric cars will be sufficient to cover the
mobility needs around the urban agglomerations. This finding is confirmed in both
scenarios, regardless of the commercialisation of synthetic e-fuels. The private mobility
for motorways long-distance trips is more uncertain as there is no single solution that will
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prevail. If synthetic fuels (e-diesel and e-gasoline) become technologically and
commercially mature, then these trips can be covered using a balanced mix of e-fuels,
biofuels and to a certain extent hydrogen (used in fuel cell cars). Contrastingly, if e-fuels
do not become commercially available, both electricity and hydrogen will need to be
deployed to a much larger degree for these long-distance inter-urban trips. In particular,
electric vehicles will need to be able to provide much higher range autonomy than what
is provided by EVs currently in the market. This will require substantial R&D spending
and is also uncertain. Biofuels will also be used for such trips, however, there are
limitations in the use of biofuels, as these need also to be used in other transport modes,
like for road freight and aviation.

E-fuels will contribute in reducing the emissions of road
freight transport and aviation
Synthetic fuels can largely contribute in delivering emission reductions in
transport modes which are rather inflexible to decarbonise. The use of e-diesel and ekerosene in road freight and aviation respectively, will not entail any changes to the way
the transport system operates today. Transportation of freight and passengers will
continue depending on established methods, also by making optimal use of the current
transport infrastructure. In the absence of synthetic fuels, the transportation of goods is
likely to be disrupted, as road freight transportation will need to be carried out using
powertrains which do not provide the same range autonomy as compression ignition
powertrain. In both scenario cases, industrial maturity of today’s immature technologies
is key for achieving a deep decarbonisation of the transport sector by 2050. On the one
hand, synthetic fuels need to become mature and affordable; the technologies for synthetic
fuels production are not novel, but they are far from being industrially mature, while their
costs are currently high. On the other hand, electric and hydrogen fuel cell technologies
need to undergo significant technological breakthroughs to deliver high range autonomy,
almost equivalent to that of conventional ICE powertrains.
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B.4 Insights from Research Paper 4: Coupling a detailed
transport model to an Integrated Assessment Model
In this paper, we describe the newly developed EDGE-T model and the coupling
mechanism with the Integrated Assessment Model REMIND. The coupled modelling
system represents a consistent framework in which competition for scarce resources
(fuels, capital, CO2 emissions in a mitigation scenario), socio-economic development and
transportation interact.

The coupling of EDGE-T & REMIND models allows fullsystem scenario analysis with improved transport
representation
The coupling enhances global full-system IAM-based scenarios by providing a
much higher level of detail for the different transportation modes and vehicle choices,
and creates a consistent modelling framework that allows to represent behavioral aspects,
technological options and detailed policies. We perform a diagnostic of the coupling
mechanism, analyzing the quality of the convergence: results indicate that the modelling
system REMIND/EDGE-T converges reliably and leads to a stable solution. Therefore,
the coupled modelling system can be further used to simulate the impacts of the codesigned INNOPATHS decarbonization scenarios.

Projected passenger and freight activity are found to
increase while emissions are decreased (2015-2050)
In a baseline scenario, the system REMIND/EDGE-T projects for Europe an
increase in energy services demand of about 20% for passenger transport and 40% for
freight between 2015 and 2050, in line with the EC Reference 2016 (Capros et al., 2016).
Emissions from the EU transport sector decrease by 25% with respect to 2015, due to
advancements in technology, energy efficiency and an increased acceptance of alternative
vehicles as well as a shift to bioliquids. The market penetration of battery electric vehicles
(BEV) reaches 20% of the total car fleet in 2050, while internal combustion engines (incl.
hybrid) retain 75% of the total fleet. As expected and confirmed by the model, results are
significantly affected by assumptions on technological development of BEVs and
consumer preferences.
Although the modelling system REMIND/EDGE-T already provides interesting
insights on the possible development of the transport system, we see two areas where
further developments would improve the tool in view of the scenario-based policy
analysis, which will take place over the next steps of the INNOPATHS project. First, in
the current implementation, technological and modal switching heavily depends on the
initial calibration of the model and the time-path of the preference factors, which are set
exogenously until 2100. In addition, it is quite challenging to disentangle the various
constituents of the preference factors as they are currently formulated. Future work will
thus focus on restructuring the preferences structure to achieve a higher degree of
endogenization in modal and technology shift and identify/separate the most significant
market and non-market barriers to alternative technology adoption.
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B.5 Insights from Research Paper 5: R&D strategies in
decarbonising transport.
We studied optimal green RD&D investment strategies for the decarbonisation of
the transport sector with the WITCH model. We have analysed a set of scenarios
consistent with the 1.5 oC temperature target established by the Paris agreement. The
studied scenarios include: (i) a reference scenario assuming business as usual shared
socio-economics pathways without additional climate policies, (ii) a scenario in which
the optimal amount of RD&D investments is used to achieve the policy target, (iii) a
scenario that achieves the policy target without additional RD&D investments for
transport relative to that of the reference scenario and (iv) a scenario which, again,
achieves the policy target but with reference-level investments in batteries while
investments in advanced biofuels are optimized.

Optimal RD&D leads to reduced mitigation cost and
carbon price with respect to the 1.5 oC target
We have found that the EU RD&D investment in transport foreseen by the EU
mid-century strategy (MCS) for batteries for electric vehicles is in line with the optimal
1.5 oC pathways. The total cumulative investment of advanced biofuels under the climate
target scenario is lower than the reference scenario, however it has to start earlier. In all
the scenarios assuming optimal RD&D, the EU sees a reduction in its mitigation cost
towards the 1.5oC target, and a reduction of the global carbon price. The MCS foresees a
constraint in the EU carbon budget from 2020 to 2050 of 43GtCO2 and zero net emissions
from then on, consistent with the EU mid-century strategy goal of climate neutrality by
mid-century. According to our scenario analysis, the optimal solution is found at a
somewhat lower carbon budget. This means that the EU constraint is non-binding, as it is
optimal to achieve lower emissions than the 43GtCO2 budget on a global budget
consistent with the 1.5oC temperature target. Therefore, RD&D policy increases the
practical feasibility of such stringent climate targets.

The high biofuel use may increase mortality. Emission
control standards for biofuels should be implemented.
We have used the FASST(R) model in order to assess the premature mortality
associated with the optimal RD&D strategies for the transport sector. We have concluded
that the EU MCS can avoid more than 150 000 premature deaths in the EU annually, by
2050. However, the EU RD&D strategy might lead to small mortality increases due to
the high deployment of biofuels, therefore emission control standards for biofuels should
be implemented in order to avoid possible undesired outcomes. Nevertheless, further
sensitivity on advanced biofuels emission factors and their deployed control measures
and standards is needed.
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Research paper 1: Assessing the impacts of setting CO2 emission targets
on truck manufacturers in the EU: Implementation and application
using the PRIMES-TREMOVE transport model (E3M)
Status of the research paper: Study has been published in a scientific journal
Siskos, P., Moysoglou, Y. (2019). Assessing the impacts of setting CO2 emission
targets on truck manufacturers: A model implementation and application for the EU.
Transportation Research Part A: Policy and Practice, 125, 123-138.
Abstract:
The European Commission introduced in 2018, for the first time, CO2 emission
standards for truck manufacturers, to incite additional reduction in the road transport CO2
emissions; trucks represent the second major contributor to CO2 emissions in the EU road
transport. This paper presents a model based analysis which simulates the implementation
of such targets in an energy economic framework and assesses the impacts of such
standards using the PRIMES-TREMOVE model. We implement the CO2 emission
standards on truck manufacturers as CO2 emission constraints on the new vehicle choice
module. The proposed method is formulated as a mixed complementarity problem. The
analysis reveals a reduction in road transport CO2 emissions and diesel consumption as a
result of an uptake of more efficient truck technologies. In particular, LNG trucks are
favored because of the lower emission factor of natural gas relative to that of diesel.
Implementing progressively ambitious CO2 standards renders diesel trucks more
expensive as their energy efficiency potential reaches its technical limit.

Keywords (4-6): CO2 standards on trucks; Transport energy modelling; Transport
CO2 emissions; Road freight transport
1.1 Introduction
The fleet of heavy duty trucks represents approx. 4% (Muncrief and Sharpe, 2015)
of the total number of road vehicles in the EU in 2015; yet, at the same time, their
contribution to the CO2 emissions in road transport was disproportionally larger (25%
EC, 2018a). According to the European Commission (EC) Long-Term Strategy, the EU
should reduce its greenhouse gas (GHG) emissions by at least 80% in 2050 compared to
1990 levels which is in line with the Paris Agreement objective to keep the global
temperature increase to well below 2°C (EC, 2018b). The respective objective for the
transport sector is to reduce the GHG emissions by 60% in 2050 relative to 1990 levels.
The European Commission took policy action and came forward with a proposal in May
2018 to set, for the first time ever in the EU, CO2 targets on truck manufacturers to limit
carbon emissions from the sector. A provisional agreement between the European
Parliament and the Council was reached in February 2019. The growth of trucks transport
activity in the EU was influenced by the economic crisis (showing a reduction of 10%
between 2009 and 2008). Since 2012, the growth rate is progressively increasing; an
average annual increase of 2.1% has been recorded between 2012 and 2016 (Eurostat,
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2018). Standards represent a robust policy action that has proven record in delivering
energy efficiency and decreased carbon emissions (e.g. standards on car and van
manufacturers in road transport, lighting energy efficiency standards).
In the U.S., the Environmental Protection Agency and the National Highway
Traffic Safety Administration released in 2016 the second phase of measures for setting
standards on truck fuel efficiency and greenhouse gas emissions for the 2018-2027 period
(Sharpe et al., 2018), extending and updating the first phase of measures which concerned
the 2014-2018 period. The two phases are expected to result in a fuel consumption
reduction of approximately 9%-12% (Delgado and Rodriguez, 2017) relative to 2010. In
particular, fuel efficiency gains have increased by 24% during the period 2011-2017 for
the US class 8 long haul tractors-trailers (Transport & Environment (2018). Truck
standards are also in place in Canada (Sharpe, 2017) and Japan. Alternative fuel systems
for heavy vehicles can also help decrease CO2 emissions (see e.g. Lopez et al., 2009 or
Arteconi et al., 2010 and Hao et al., 2010). The experience has shown that setting CO2
emission standards on the vehicles sold by manufacturers will deliver a reduction in the
CO2 emissions of the sector by marketing more fuel efficient technologies and scalingup the deployment of alternative fuels. This has been the case for passenger cars.
Estimating the impact of the implementation of the standards in terms of CO2
emissions mitigated and the implied energy savings in road freight transport is a complex
process, which makes the use of energy economic models necessary. Energy economic
models inform policy makers on the impacts of future policy implementation. Impacts of
key importance, when deciding putting forward a new policy, are the resulting reductions
in the overall CO2 emissions and the associated total transport system costs (e.g. capital,
fuel, variable non fuel and fixed costs). Energy economic models derive such indicators
endogenously at country and EU28 level considering country specificities such as the
evolution of the vehicle fleet mix, scrapping rates, new registrations and others.
The contribution of the present paper is twofold: i) from an energy system analysis
perspective, we provide a model-based quantified assessment of setting CO2 targets on
truck manufacturers in the EU in an energy economic model. To this end, we utilize the
PRIMES-TREMOVE transport model for the EU which we enhance to simulate the
modeling of standards on truck manufacturers; ii) we present a mixed complementarity
programming framework which models the simultaneous interaction between the
system’s agents, namely the policymaker who is setting the emission standards, the truck
manufacturers who adjust the availability of various vehicle technology options to meet
the standard and the road haulage firms which respond to the new market environment to
create demand. Hence, what we model involves seeking an equilibrium of multiple
agents’ decision making under constraints. Our method is then demonstrated by
presenting the results of alternative scenarios that assume different levels of ambition on
the respective emission targets for 2025 and 2030.
The paper is structured as follows: In the section 1.2, we present the relevant
literature review. In the section 1.3 we present, in brief, the PRIMES-TREMOVE model
and we describe the formulation of trucks standards in the model. The section 1.4
demonstrates the results from the model implementation of alternative targets on truck
manufacturers. The sections 1.5 and 1.6, offer a short discussion on the topic and conclude
the paper, respectively.
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1.2 Background
Previous work regarding the analysis and modeling of vehicle technology choice
concerns mainly the case of passenger vehicles. Standard approaches that aim to assess
the market penetration potential of low or zero emission vehicles, include those in which
the total cost of ownership is used as a cost index to compare the offered vehicle options
(see for example Palmer et al., 2018, Hagman et al., 2016 and Danielis et al., 2018 for
some recent applications). Other modeling approaches in the literature include the explicit
simulation of the actions of each agent of the system - most often consumers (see e.g.
Sullivan et al., 2009, Eppstein et al., 2011 and McCoy and Lyons, 2014). Market diffusion
rate and time series modeling (e.g. Lamberson, 2009, McManus and Senter, 2010,
Centrone et al., 2007 and Cao, 2004) aims to capture the dynamics of market sales of a
new product over its life cycle. Consumer choice modeling employs discrete choice
theory to obtain the market distribution of products based on certain evaluation formulas
of the vehicle characteristics from the consumer perspective. Al-Alawi and Bradley,
(2013) offer a comprehensive review of the previous modeling approaches.
Transport models that utilize discrete choice theory to model consumer demand
include Loulou et al. (2004), Leimbach et al. (2010), Fulton et al. (2009) and Brand et al.
(2012), to name a few. Most discrete choice models use logit (Train K., 2009) functional
forms, while alternate approaches use Weibull functional forms (Fosgerau and Bierlaire,
2009; Mattsson et al., 2014). The study of McCollum et al. (2018) focuses on the nonfinancial preferences of individuals. The review by Rezvani et al. (2015) provides an
overview of the theoretical frameworks and empirical studies regarding the barriers a
consumer faces in adopting EVs with a focus on individual-specific psychological factors.
Liao et al. (2017) provide an overview of the methodology and the conclusions of EV
adoption studies and extend the work of Rezvani et al. by considering a wider variety of
influential factors.
A different approach is followed by Bishop et al. (2016); the authors propose a
constrained diversity-maximization2 framework, which calculates the shares of
powertrains per vehicle fuel type. It is often the case that discrete choice models do not
take into account the vehicle supply side perspective. The works of Manski (1983),
Berkovec (1985) and Berry et al. (1995), for instance, are an exception to this. Michalek
et al. (2004) propose a profit-maximization framework that integrates consumer demand
and regulatory policies (CAFE standards on cars) with a greater focus on competition
between manufacturers. In the same spirit, Kang et al. (2016), propose a mathematical
programming framework to analyze the effect of government policies to electric vehicle
market through modeling the decision making of various agents and then apply their
methodology to the vehicle market cases of Ann Arbor and Beijing. Wang et al. (2018),
analyze the impacts of China’s super credit policy from the producers’ perspective by
formulating the problem as a combinatorial optimization one. Mixed complementarity
modeling is a standard practice in energy-economic applications (Gabriel et al., 2013). In
short, a mixed complementarity problem is a system of 𝑛 variables associated with 𝑛 nonlinear functions via a complemenarity condition (see Appendix for a formal definition).
A mixed complementarity model allows the computation of the equilibrium state of a
system resulting from the interactions of the different actors under constraints.

2
Diversity is an information theoretic measure of variety (Shannon C., 1948) - the rationale behind its use is that consumers’
behavior tend to maximize the variety of the vehicle fleet.
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The impacts of the Clean Truck Program (CTP) to air quality and the effects on
health were studied in the work of Lee et al. (2012). The authors quantify social costs
resulting from urban freight transportation in California for the period 2005-2012 under
the effects of CTP which progressively banned the most polluting trucks and funded the
purchase of lower-emission technologies. The study of Stanley et al. (2018) is concerned
with Australia’s potential to reduce the GHG emissions of passenger and freight transport.
The authors conclude that Australia could reduce the 2030 road transport emissions by
40% with respect to the 2005 levels by employing, among other policy measures,
emission standards that are in line with those of Europe.
The work of Lepitzki and Axsen (2018) assesses the potential of low carbon fuel
standards applied on the passenger and freight transportation sectors for the case of
Canada. Their experiments include policy scenarios in which the fuel standards are
applied in conjunction with other supply-directed policies such as fuel economy standards
and zero emission vehicle quotas. Axsen and Wolinetz (2018) explore the feasibility of
achieving 30% plug-in electric vehicles in the new sales by 2030 for the case of Canada
using as drivers incentive-based policies and zero emission vehicle quotas.
1.3 Methodology
1.3.1 Short presentation of the PRIMES-TREMOVE transport model
PRIMES-TREMOVE is a private model developed and maintained by E3MLab/
ICCS of National Technical University of Athens and projects the evolution of demand
for passengers and freight transport by transport mode 3 and vehicle type (split by
powertrain and fuel), energy consumption and emissions. The PRIMES-TREMOVE
model is a satellite model of the PRIMES energy systems model (see Capros et al., 2012
for a detailed presentation and confirmation of the model). Most recent applications of
the PRIMES-TREMOVE model have been presented in Siskos et al. (2018) and
Karkatsoulis et al. (2017).
PRIMES-TREMOVE is a dynamic system of multi-agent choices under several
constraints, which are not necessarily binding simultaneously. The model simulates the
equilibrium of the transport market, featuring a module projecting demand for
transportation services for passenger and freight mobility and a supply module deriving
ways of meeting the demand. The supply module projects the optimum technology and
fuel mix to produce transportation services which meet demand. The modules interact
through the so-called generalized prices of transportation.

3
Cars, 2-wheelers, buses, coaches, heavy goods vehicles, light commercial vehicles, conventional and high-speed trains,
metro, freight rail, passenger aviation, freight and passenger inland navigation and short sea shipping
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Figure 1 A simpliﬁed representation of the modularity approach and the interaction of the market actors
simulated in the PRIMES-TREMOVE model.

1.3.2 Formulation of trucks CO2 standards in the PRIMES-TREMOVE
model
Nested decision tree: alternative truck categories
The vehicle choice is formulated as a decision tree with different levels referring
to technology level, fuel type and size (see Figure 2). At the first level of the decision
tree, trucks are disaggregated according to the gross vehicle weight (GVW) category,
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based on the TRACCS database. Four weight categories are considered, namely the 3.57.5 tons, the 7.5-16 tons, the 16-32 tons and those over 32 tons.

Figure 2 Schematic representation of the heavy duty truck segment new vehicle choice modeling in the
PRIMES-TREMOVE transport model.

At the second level, we split the trucks of above 16 tons by wheel and chassis
configuration, into rigid or tractors, and into long-haul or regional purpose trucks. For a
rigid truck, the tractor and the trailer form one solid unit while for a tractor truck the trailer
is articulated. The wheel configuration determines the total number of truck wheels and
specifies how many of them are powered. For instance, a 6x2 configuration denotes 6
wheels out of which 2 are powered.
The disaggregation into long haul and regional is done according to the purpose
of the truck; a long haul truck is used for long trips, while a regional truck is used for
shorter trips. Typically, long-haul trucks are associated with higher annual mileages
which take place on motorways compared to regional delivery trucks. This influences the
unit cost calculations of the model. Trucks with GVW between 16-32 tons are classified
as rigid ones with a regional purpose. Trucks with GVW above 32 tons include the rest
of the possible combinations. For the rest of the paper, we will refer to the various
combinations of the second level simply as wheel configuration. The modeled truck types
include conventional diesel trucks, hybrid trucks, trucks running on LPG or LNG, battery
electric propulsion trucks and fuel cell electric propulsion trucks using hydrogen.
The choice of certain vehicle configuration (i.e. axle and chassis configuration) is
mainly determined by the specific transport purpose of the road haulage firms which is
relatively constant over time; hence, there is little room for substitutability possibilities
between trucks of different groups4. For the purposes of this paper, we assumed that the
4
Past data for the period 2005-2010 (from the TRACCS database) confirm a stable evolution of the shares of the stock of
different truck types and their overall transport activity in vehicle-km by size and chassis configuration. A small shift from articulated
trucks of 34-40 tons towards articulated of 40-50 tons (in terms of activity and stock) is observed. However, both types of trucks fall
under the same GVW category considered by the model.
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relative shares of trucks in the different truck types (by chassis and axle configuration)
for the future years remain constant to the levels of 2016, as provided by Tansini et al.,
2018.
Cost-efficiency improvement curves are introduced at the third level for each of
the nodes of the second level. These curves associate higher efficiency potential of the
truck with additional costs. Higher efficiency improvements always come at an additional
capital cost. The curves are represented as 9 individual points denoted as 𝐽0 , . . . , 𝐽8 ,
following an order of increasing fuel efficiency and additional cost. The additional cost
and efficiency improvement are considered with respect to a “base” truck of 2005. The
cost curves used in this study were obtained from Tansini et al. (2018) and from Krause
and Donati (2018).
Complementarity formulation of CO2 emission constraints on new truck
registrations
Table 1: Summary of the relevant notations

Set - Element
𝑉-𝑣
𝐴-𝑎
𝐽-𝑗
Parameters
𝑠ℎ𝑣,𝑎
𝑐𝑜2𝑣,𝑎,𝑗
𝑆
𝑚𝑣,𝑎,𝑗
Variables
𝑠ℎ𝑣,𝑎,𝑗
𝑝𝑣,𝑎,𝑗
𝑐𝑜2𝑣
𝑐𝑣,𝑎,𝑗
𝑐̅𝑣,𝑎,𝑗
𝑐̅𝑣
𝑝𝑣
𝑠ℎ𝑣

Description
truck group
wheel configuration
powertrain technology
shares of wheel configurations per truck group
CO2 label per truck group and wheel configuration
CO2 standard on average truck emissions
maturity of powertrain technologies
market shares of powertrain technologies
emission penalties for powertrain technologies
average CO2 label per truck group
total cost per vehicle-km
generalized total cost per vehicle-km
generalized total cost per vehicle-km
average emission penalties per group
market shares per group

This section presents the mathematical formulation of the model implementation.
For simplicity, we omit the subscript of year. We identify two levels of competition
between the vehicle tree nodes: (i) the choice among the various levels of efficiency
progress for each truck fuel type; (ii) the choice among the different truck fuel/powertrain
types. The progress along the efficiency-cost curves of the lower level nodes influences
the relative performance of the nodes at the fuel choice level.
We denote by 𝑉 the set of different truck fuel types as defined by the first level of
the vehicle tree. By 𝐴 we denote the set of wheel configurations defined by the second
level. The set of the different powertrain technologies of the third level is denoted by 𝐽.
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Elements of 𝑉, 𝐴 and 𝐽 are denoted by 𝑣,𝑎,𝑗 respectively. Table 1 summarizes the relevant
notation5.
CO 2 standards take the form of a constraint (1); the average CO 2 emissions of
new registrations over all truck groups should not exceed the value of the standard 𝑆. The
latter denotes the target of average truck emissions in gCO 2/km for a specific year. All
manufacturers need to deliver similar effort by 2030 compared to 2019 (i.e. expressed as
a CO 2 emission reduction target - e.g. 30% in 2030 relative to 2019). Our modeling
assumes simulation of the various truck manufacturers altogether and not individually.
The value of the standard 𝑆 derives after applying the level of ambition relative to 20206.
The dual variable of 1 is 𝜆. We give 𝜆 the intuitive meaning of a generic effort made to
direct the vehicle choice towards less carbon intensive technologies and towards more
efficient points along the cost-efficiency curve
𝑆 ≥ ∑𝑣 𝑠ℎ𝑣 ⋅ 𝑐𝑜2𝑣

⊥𝜆≥0

(1)

,with 𝑐𝑜2𝑣 denoting the CO 2 emissions label per truck in gCO 2 /km; this label is
endogenously calculated considering the potential efficiency improvement of each truck.
The model distinguishes between the label and the “real-world” CO 2 emissions; the
emission standards consider the former while the latter are used to calculate the actual
emissions and derive as a result of the use/operation of the truck, using the COPERT
methodology (first presented in Ntziachristos and Samaras, 2000).
In modelling, we simulate truck manufacturers as price-makers. Here, we use the
dual variable 𝜆 to act as a mark-up (or emission penalty) on the costs of the noncomplying trucks. We develop a rule for calculating the emission penalties 𝑝𝑣,𝑎,𝑗 per truck
fuel type, wheel configuration and powertrain technology whose CO 2 label exceeds the
standard. Note that the penalties increase with 𝜆 but at different rates of growth,
depending on the CO 2 label. A rigorous evaluation of alternative implementations of the
penalizing policy is presented in the Appendix.
𝑝𝑣,𝑎,𝑗 = (1 +

𝑐𝑜2𝑣,𝑎,𝑗 𝜆
)
𝑆

− 1 ⊥ 𝑝𝑣,𝑎,𝑗 ≥ 0∀𝑣, 𝑎, 𝑗

(2)

Intuitively, it is as if the manufacturers offer to the market vehicle technologies
and adjust truck prices such that the average CO 2 label of the trucks sold comply with
the target. Manufacturers offer vehicle models which differentiate in terms of
performance (e.g. CO 2 emissions, specific fuel consumption) to match the various
market segment needs. The standard applies on the average CO 2 emission of all new
vehicles sold by the manufacturer; hence, manufacturers do not necessarily need to
market vehicle technologies that individually comply with the standard. The emission
penalty (mark-up) increases the price of the non-complying technologies to influence new
vehicle choice. This takes place in the following.
From the perspective of road haulage firms which purchase trucks, a total unit cost
indicator 𝑐𝑣,𝑎,𝑗 is calculated for all the individual alternative technologies. Costs include
5
We use the term ’variable’ to refer to the mathematical programming variables of the formulation while the term
’parameter’ refers to either exogenous values or other quantities that are calculated in the course of the execution of the code.
6
The proposal of the EC defines the level of ambition relative to 2019. Since the model runs on 5-year time steps, we use

2020 as the reference year and assume an 1% CO 2 emission reduction between 2019 and 2020.
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the annuity payment for the vehicle capital cost, the fuel costs depending on the trip type
and vehicle’s characteristics and other fixed and variable cost divided by the annual
mileage of the truck. The generalized unit cost 𝑐̅𝑣,𝑎,𝑗 accounts for the modified unit cost
including the emission penalties. Here, the use of MCP allows to use a dual variable of
the CO 2 emission constraint on the right hand side (rhs) of the cost formulation. The
calculation of the generalized cost 𝑐̅𝑣,𝑎,𝑗 of a (𝑣, 𝑎, 𝑗) tuple is performed in equation 3.
𝑐̅𝑣,𝑎,𝑗 = (1 + 𝑝𝑣,𝑎,𝑗 ) ⋅ (𝑐𝑣,𝑎,𝑗 )

⊥ 𝑐̅𝑣,𝑎,𝑗 ≥ 0

∀𝑣, 𝑎, 𝑗

(3)

The market shares 𝑠ℎ𝑣,𝑎,𝑗 of each (𝑣, 𝑎, 𝑗) tuple derive from the generalized costs
by employing a discrete choice modelling (equation 4). A Weibull functional form is used
to determine the frequency of choice of truck powertrain technologies and the new vehicle
choice of PRIMES-TREMOVE, in general.7 The technology maturity parameters 𝑚𝑣,𝑎,𝑗
represent market acceptance and technology readiness factors, while the parameter 𝛾
(𝛾=7) controls the substitutability among alternative options (see Siskos et al., 2015 for
more information on the values of the parameters).
−𝛾

𝑠ℎ𝑣,𝑎,𝑗 = ∑

𝑚𝑣,𝑎,𝑗 ⋅𝑐̅𝑣,𝑎,𝑗

−𝛾
𝑗′ 𝑚𝑣,𝑎,𝑗′ ⋅𝑐̅𝑣,𝑎,𝑗′

⊥ 𝑠ℎ𝑣,𝑎,𝑗 ≥ 0 ∀𝑣, 𝑎, 𝑗

(4)

In the following, we perform similar calculations from the perspective of the
parent level nodes (fuel type level).
The penalty factors 𝑝𝑣 at the level of vehicle fuel type are calculated as a weighted
average of the respective penalty factors per wheel configuration and powertrain
technology 𝑝𝑣,𝑎,𝑗 (equation 5). The shares of wheel configurations per truck type 𝑠ℎ𝑣,𝑎 of
over 16 tons, as explained in section 3.2.1 remain constant.
𝑝𝑣 = ∑𝑎,𝑗 𝑠ℎ𝑣,𝑎 ⋅ 𝑠ℎ𝑣,𝑎,𝑗 ⋅ 𝑝𝑣,𝑎,𝑗

⊥ 𝑝𝑣 ≥ 0

∀𝑣

(5)

Similarly, we derive the generalized cost 𝑐̅𝑣 at the fuel type level with respect to
𝑐̅𝑣,𝑎,𝑗 (equation 6).
𝑐̅𝑣 = (1 + 𝑝𝑣 ) ⋅ ∑𝑎,𝑗 𝑠ℎ𝑣,𝑎 ⋅ 𝑠ℎ𝑣,𝑎,𝑗 ⋅ 𝑐̅𝑣,𝑎,𝑗

⊥ 𝑐̅𝑣 ≥ 0

∀𝑣 (6)

We calculate the CO 2 label 𝑐𝑜2𝑣 at the fuel type level by averaging over the
𝑐𝑜2𝑣,𝑎,𝑗 in equation 7.
𝑐𝑜2𝑣 = ∑𝑎,𝑗 𝑠ℎ𝑣,𝑎 ⋅ 𝑠ℎ𝑣,𝑎,𝑗 ⋅ 𝑐𝑜2𝑣,𝑎,𝑗
⊥ 𝑐𝑜2𝑣 ≥ 0
∀𝑣
(7)
Naturally, the market shares per fuel type derive from discrete choice model
formulation, where choices are driven by the generalized costs 𝑐̅𝑣 (equation 8).
−𝛾

𝑠ℎ𝑣 = ∑

𝑐̅𝑣

−𝛾
𝑣′ 𝑐̅𝑣′

⊥ 𝑠ℎ𝑣 ≥ 0

∀𝑣

(8)

7

The properties of the Weibull functional form of the discrete choice model (for 𝛾 >1) were found to be more appropriate,
than those of the logit function, to serve the purpose of the model to simulate long term transport sector scenarios and structural
changes.
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The dual variables of equations 5,6,7 and 8 are 𝑝𝑣 , 𝑐̅𝑣 , 𝑐𝑜2𝑣 and 𝑐̅𝑣 respectively.
1.3.3 Implementation in PRIMES-TREMOVE and modeling of
impacts of the policies on the travel demand
The freight transport sector is simulated as market equilibrium problem, where
demanders and suppliers are modeled as individual agents. Choices of decision makers
result from micro-economically founded agent-based minimization of businesses’ costs.
PRIMES-TREMOVE consists of: (i) a travel demand and (ii) a vehicle supply module;
the resulting equilibrium between the two modules is driven by the generalized prices of
transportation.
Demand for freight transport is the result of decision making of businesses (all
firms in a country). Within their production process, firms determine the levels of freight
movements, business trips and other non-transport inputs, by minimizing costs8. The
production levels 𝑄̅ of the businesses are associated with macroeconomic indicators (such
as GDP), which are exogenously provided. Firms input is denoted as 𝑥; the freight
transport mobility requirements are distinguished according to transport mode 𝑖 and trip
type 𝑗 (i.e. region, distance, time) and measured in ton-km. Let 𝑝 represent the input
prices, which in the case of transport refer to the generalized prices of transportation. A
nested constant elasticity of substitution (CES) production function with multiple levels
is employed to capture the substitution possibilities among the various options. The
transport demand decision tree is presented in the model manual (E3MLab, 2014). The
elasticities of the CES production function come from the TREMOVE model (developed
by KU Leuven).
𝑀𝑖𝑛 𝐶 = ∑𝑖,𝑗 𝑝(𝑖,𝑗) ⋅ 𝑥(𝑖,𝑗)
𝑠. 𝑡.
𝑞(𝑥(𝑖,𝑗) ) ≥ 𝑄̅

(9)
(10)

The supply module projects the optimum technology and fuel mix to produce
transportation services which meet demand. The supply module includes a vehicle stock
submodule which considers stock of vehicle types by transport mode inherited from
previous time periods and determines the necessary changes to meet demand. The model
also tracks vehicle vintages, formulates the dynamics of vehicle stock turnover by
combining scrapping and new registrations and calculates the relative market share of
new technologies and fuels. An illustration of the vehicle survival rates is provided in the
manual of the PRIMES-TREMOVE model (E3MLab, 2014). Decision making implies
expenditures on purchasing new transport equipment, on fuel and variable costs. The CO2
standards on trucks, as presented, are embedded within the vehicle supply module and in
particular within the new vehicle choice module.
The model calculates the generalized prices 𝑝(𝑖,𝑗) (in Euro/tkm) by mode and trip
type, inclusive of all actual costs 𝑐(𝑖,𝑗) and the cost of time 𝑐𝑡(𝑖,𝑗) .
𝑝(𝑖,𝑗) = 𝑐(𝑖,𝑗) + 𝑐𝑡(𝑖,𝑗)

(11)

8
Non-transport inputs are represented as single node in the decision tree, since PRIMES-TREMOVE is a partial
equilibrium model which simulates the transport sector and not the whole economy.
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The interaction through the generalized prices of transportation ensures
equilibrium between demand and supply of transport services. The actual unit costs 𝑐(𝑖,𝑗)
comprise of fixed and variable cost elements.
𝑐(𝑖,𝑗) =

∑𝑘,𝑎 𝑣𝑐(𝑖,𝑘,𝑎,𝑗) ⋅𝑚(𝑖,𝑘,𝑎,𝑗)
𝑥(𝑖,𝑗)

+

∑𝑘,𝑎 𝑓𝑐(𝑖,𝑘,𝑎) ⋅𝑠(𝑖,𝑘,𝑎)
∑𝑗 𝑥(𝑖,𝑗)

(12)

,where variable costs 𝑣𝑐 include fuel costs and other variable costs (e.g. tolls),
𝑠(𝑖,𝑘,𝑎) denotes the available stock of vehicles (old and new registrations) disaggregated
by (by age 𝑎 and technology 𝑘 and transport mode 𝑖. The average annual mileage of
vehicles is denoted as 𝑚(𝑖,𝑘,𝑎,𝑗) and is an endogenous variable of the model. The fixed
part of the costs 𝑓𝑐 includes the annuity payments for vehicle acquisition costs, taxes,
maintenance and insurance costs. For instance, if a policy is implemented, leading to the
purchasing of more capital intensive, yet more energy efficient, vehicle technologies, the
fixed cost element of the generalized prices increases, while the variable cost decreases.
The model captures both substitution (between transport modes as well as non-transport
inputs) and transport activity rebound effects.
1.4 Model implementation
1.4.1 Targets of scenarios
We demonstrate the functionality of the model implementation by quantifying
alternative scenarios which assume progressively tightening CO 2 targets. To do so, we
assume three different sets of targets which apply in 2025 and 2030. We also consider a
baseline scenario where no targets are assumed and the emission reduction from trucks
which takes place is driven by some limited autonomous progress. This baseline scenario,
which we simply call baseline , uses as a basis the key assumptions as presented in the
Reference scenario 2016 (Capros et al, 2016).
The policy scenarios include a low target scenario 10%-20% with 10% and 20%
emission reduction targets on new registrations relative to 2019 emission level for 2025
and 2030, scenario 15%-30% with targets of 15% and 30% and scenario 20%-35% with
targets of 20% and 35% respectively.
Table 2: Emission targets for trucks per policy scenario with respect to 2019 level.

Scenario
10%-20%
15%-30%
20%-35%

2025
10%
15%
20%

2030
20%
30%
35%

1.4.2 Scenario results
This section is devoted to the presentation of the scenario results on the evolution
of the total truck fleet activity, on truck CO2 emissions, energy consumption, derived
efficiency improvement and vehicle composition over the time horizon from 2015 to 2030
separated into 5-year intervals.
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Impact on road freight transport activity
The overall activity of trucks remains relatively unchanged in the 4 scenarios as
the policy assumed primarily concerns the shift to more efficient truck technologies rather
than shifts between modes of freight transportation. Figure 3 displays the evolution of
truck activity per wheel configuration in the unregulated case of the baseline scenario.
We observe that the activity of every wheel configuration is steadily increasing and, in
all periods, the configuration with the highest activity is the 4x2 long haul tractor,
displaying an activity of 815 Gtkm in 2015 and reaching 1056 Gtkm activity in 2030.
This is followed by the activity of the 4x2 regional rigid trucks which deliver 356 Gtkm
in 2015 and 445 Gtkm in 2030. The 6x2 long haul tractors and regional rigid trucks and
all the other configurations display lower levels of activity. The average annual growth
rate of the overall transport activity of trucks is 1.7% between 2015 and 2030 in the
baseline scenario.

Figure 3 Trucks freight transport activity per wheel configuration for the baseline scenario between 2015
and 2030.

In Table 3 the truck activity of the policy scenarios is provided as a difference (in
Gtkm) relative to the baseline scenario. Trucks transport activity is found to slightly
increase as the target on the trucks manufacturers intensifies. In particular, the activity of
the 10%-20% scenario increases by approx. 11 Gtkm relative to the baseline scenario,
while the activity in the 20%-35% scenario increases by 21 Gtkm compared to baseline
(approx. 0.9% increase relative to baseline) in 2030. As the standard becomes more
optimistic, the more capital intensive and efficient technologies are promoted and enter
the market. The unit cost of trucks is found to decrease as the standard intensifies. The
new trucks, being more energy efficient, lead to savings in the fuel bill of truck operators.
Fuel savings outweigh the annuity of the additional capital cost of the more expensive
trucks. The net impact leads in a reduction to the respective unit costs. This outcome is
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driven by the assumptions on the techno-economic characteristics of the trucks (i.e. the
cost-efficiency improvement curves).
Table 3: Difference (in Gtkm) in trucks freight transport activity between each policy scenario and the
baseline scenario for 2025 and 2030.

Scenario
10%-20%
15%-30%
20%-35%

2025
3.29
6.05
9.01

2030
10.97
19.86
21.36

Energy consumption
The energy consumption of the whole truck fleet in the baseline scenario follows
an increasing trend as the limited improvement in truck efficiency is not able to offset the
increase in energy demand due to the increasing activity. In particular, in 2020 the energy
consumption of the total trucks fleet is around 69.9 Mtoe. In 2025 the consumption is
found to increase by approximately 2% (71.3 Mtoe) with respect to 2020 and in 2030 an
additional increase of 2% (72.7 Mtoe) is observed (Table 4).
Table 4: Heavy duty trucks energy consumption (in Mtoe) in the various scenarios.

Scenario
baseline
10%-20%
15%-30%
20%-35%

2010
64.0
64.0
64.0
64.0

2020
69.9
69.9
69.9
69.9

2025
71.3
70.8
70.2
69.7

2030
72.7
70.8
69.0
67.9

The picture changes when the standard is in place. In the case of the 10%-20%
scenario, the energy consumption displays an increase of 1.3% in 2025 relative to 2020
and remains essentially stable in 2030 showing a slight further increase of less than 0.1%
relative to 2025. The 15%-30% scenario displays a decrease of -1.7% in 2030 relative to
the levels of 2020 and indicates that at this point the effect of the emission standard to the
energy consumption more than compensates the effect of increased activity. In the 20%35% scenario a slight decrease of -0.3% appears already in 2025 and a further, more
apparent, decrease of -2.6% is observed in 2030, relative to 2020.
The savings in energy consumption are achieved primarily by the emission
standards leading to the adoption of more efficient technologies and secondarily by a
change in the fuel type mix. Regarding the efficiency improvement of trucks, an
interesting aspect of our findings is that the percentage improvement is relatively uniform
over all truck categories. Figure 4 displays the efficiency improvement for the new
registrations of 4 wheel configurations in 2030, (incl. both long haul and regional delivery
trucks altogether in each category).
`
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Figure 4 Improvement in the energy efficiency of new 4x2 and 6x2 tractor and rigid truck
registrations for the various scenarios in 2030.

CO2 emissions
While, CO2 standards on truck manufacturers incite the market penetration of less
carbon intensive technologies, the overall emissions of the heavy duty truck sector
decrease with a relative inertia, since the fleet also comprises of vehicles purchased from
previous time periods where no standard was in place. When comparing the 15%-30%
scenario against the baseline, we observe a similar reduction in the CO 2 emissions by
truck type.
220
200

Mton CO2

180
160
140
120
100
2020
baseline

2025
10%-20%

15%-30%

2030
20%-35%

Figure 5 Evolution of trucks CO2 emissions in the scenarios.
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The CO 2 emissions refer to the whole fleet of trucks and not only to the new
registrations. The highest reduction takes place in the 4x2 and 6x2 tractor types (approx.
8.5% reduction relative to baseline in 2030) which operate mostly on long-haul trips. The
reduction in emissions is found to be slightly lower for the rigid trucks (approx. 7.1%
reduction relative to baseline in 2030) which also operate in regional deliveries. The
absolute levels of the CO 2 emissions obtained are provided in the following figure.

Figure 6 Evolution of CO2 emissions per wheel configuration in the 15%-30% and the baseline
scenario.

Evolution of the fleet of heavy duty trucks
The fleet of heavy duty trucks in the EU consists largely of diesel engines. From
the quantification of the alternative scenarios, we identify a strong market uptake of LNG
trucks. Notably, as the targets on truck manufacturers become more ambitious, the market
shares of LNG trucks in the new truck sales are increasing (Table 5). The uptake of LNG
trucks is driven by the standards favoring this less carbon intensive fuel choice as the
carbon emission factor of natural gas is 24% lower than that of diesel. The new LNG
truck registrations in the baseline scenario hold a share of 2.4% in 2025 and 3.7% in 2030.
LNG new truck registrations see their share reach to 6.0% and 10.4% in 2025 and 2030,
respectively, in the 10%-20% scenario. The market uptake of LNG trucks peaks in the
20%-35% scenario, where the relative shares reach values of 12.8% and 22.5% in 2025
and 2030 respectively.
Table 5: Share of LNG trucks in new truck registrations in the various scenarios
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Scenario
baseline
10%-20%
15%-30%
20%-35%

2025
2.4%
6.0%
9.4%
12.8%

2030
3.7%
10.4%
18.7%
22.5%

The implementation of the standards leads to a minor uptake of zero emission
trucks in 2030. This is, in particular, taking place in the 15%-30% and 20%-35%
scenarios. The market share of battery electric trucks and hydrogen fuel cell trucks in the
new registrations in 2030 is 0.26% and 1.32%,respectively, for the 20%-35% scenario.
1.5 Discussion
Opting for more ambitious targets on truck manufacturers could naturally lead to
the market uptake of even more efficient conventional diesel, but also, LNG trucks, for
the horizon beyond 2030. Yet, from a certain level of ambition and beyond, the standards
on truck manufacturers will incite the penetration of low or zero emission truck models
in the market such as hydrogen or electric. The levels of ambition that will trigger such
development are estimated to start, to a small extent, from the levels of ambition
quantified in this paper (i.e. 30% and 35% emission reduction relative to 2019) and
beyond.
From the perspective of the road freight transport, the modeling analysis does not
indicate reductions in the activity by 2030; the significant fuel savings offset the
additional capital costs. It remains uncertain whether this will still be the case if more
ambitious targets are in place after 2030. Typically, when approaching the limit of the
potential of the efficiency improvement, the additional engineering costs increase in a
non-linear way, which may lead to significantly higher purchasing costs. The penetration
of zero emission trucks, if triggered by the standard, may also lead to increased upfront
costs. Of course, this depends on how the battery and fuel cell costs will develop in the
future.
The evolution of the CO2 emissions from trucks between 2030 and 2015 is driven
by two components: (i) the changes in the carbon intensity and (ii) the change in the
transport activity between 2030 and 2015. From the model scenario results, we identify
that the reduction in carbon intensity is significantly outweighed by an increase in the
trucks transport activity, over the period 2015-2030. In particular in the 15%-30%
scenario, if the levels of the trucks transport activity in 2030 remained at the levels of
2015, then the trucks CO2 emissions could decrease by 24% between 2030 and 2015
(compared to the reduction of 1% that currently takes place in the 15%-30% scenario
which considers the increase in the trucks transport activity).
Standards on truck manufacturers may act complementary to other truck CO2
emission mitigation options like road charges. The latter act as price signals which aim
to shift transportation of cargo away from road and towards less carbon intensive options
such as railways and inland waterways. While road charges for trucks are efficient up to
a certain extent, they cannot lead to a profound transformation of the sector towards
decarbonization. On the other hand, overtaxing trucks would result in significantly
increased road freight costs which would lead to a disproportional increase in the total
system cost compared to the mitigated CO2 emissions (Siskos et al., 2018 and
Edelenbosch et al., 2017a).
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To support this discussion with model findings, we further quantified an additional
scenario which delivers the same reduction in trucks CO2 emissions in 2030 (as in the
15%-30% scenario) via a reduction in transport activity and not through standards. We
identified that a horizontal road charge of 0.42 Euro/vkm, in the whole EU, would need
to apply on the relevant truck categories in 2030, instead of CO2 standards, to obtain an
equivalent CO2 emission reduction in 2030 as in the 15%-30% scenario. The implied
elasticity of the trucks transport activity relative to the change in the trucks unit costs due
to the charge is -0.41 which is in line with the elasticity values listed in Wang and Zhang
(2017) and the range of values (between -0.1 and -0.5) from the multi-model analysis by
Edelenbosch et al., (2017b). Carling et al. (2017) assess the environmental net effects of
taxing freight transportation by distance in retail transports, considering a road charge of
0.35 Euro/vkm, and conclude that the environmental net effect of the tax is unclear due
to reduced transition to e-tailing. Setting standards will deliver CO2 emission reduction,
but does not tackle congestion. A balanced approach combining fiscal measures and truck
standards could potentially lead the developments of the sector towards decarbonization
beyond 2030.
The improvements in the fuel efficiency of the new trucks driven by the standards,
can lead to significant fuel savings which will quickly offset the additional upfront cost
of the truck. Naturally, the industry would be willing to accept new technologies provided
that they increase the competitive advantages in the market, since fuel cost represents a
major part of the truck operating costs. The question is why these developments do not
take place regardless of the presence of the standard or not. This question resembles the
classical energy paradox observation where decision makers undervalue future savings in
fuel expenditures when faced with increased upfront costs (see for example Ansar and
Sparks, 2009; Hassett and Metcalf, 1993). The energy paradox has mostly been associated
with households’ decisions where the present value of the future energy savings are
strongly influenced by the household myopic behavior and high discount rates.
Truck business operators, from their perspective, need credible information as
regards the potential efficiency gains from new technologies and the estimated reduced
fuel expenditures bill. Businesses consider the opportunity cost of their capital funds and
need assurance as regards the future fuel savings. The heterogeneity of the trips performed
by trucks will not lead to the same fuel savings for all the truck operators, since certain
new technologies may perform differently depending on the trip conditions (e.g. type of
road, speed fluctuations, hilly terrains, etc.). This kind of information is not always
available. Liquidity constraints may arise, especially to small truck operating companies
or companies operating in less developed countries or in countries facing economic crisis.
Concerns about the reliability and durability of new technologies compared to proven and
trusted existing technologies also influences truck operators’ decisions (Klemick et al.,
2014). Risks associated with new and not-yet-proven technologies or fears for unexpected
maintenance issues can result in decisions favoring the trusted old technologies. Such
hidden costs, which result in uncertainty about the return of investment, are often
neglected in net present value or cash payback types of analysis.
Typically, the decision for purchasing and the operating a truck does not always
fall under the jurisdiction of the same decision maker. A principal-agent problem
(Gillingham et al., 2009) arises when the truck driver does not fully exploit the potential
of the new technology with regard to the fuel savings, despite the fact that the latter were
considered during the purchasing decision by the company managers. Lack of
information from the driver side may result in increased fuel consumption due to an
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under-exploitation of the potential of the new technology capabilities. This principalagent problem yields rebound effects, in the sense that despite purchasing a more energy
efficient equipment, truck businesses do not benefit from the expected fuel savings.
Modeling this type of rebound effects is not straightforward due to the large heterogeneity
of truck drivers’ profiles and different trip types. Relevant analysis needs to be carried
out on a case-by-case basis. Such rebound effects, that may arise after the marketing of
more technologically advanced and energy efficient trucks, were not included in the
present modeling.
From a policy-making perspective, standards provide a clear policy signal to
manufacturers as regards the future emission targets and the marketing of more efficient
trucks. Often, economic analysis underestimates the true costs and neglects the hidden
costs. The standard will ensure that the new technologies will need to be picked anyhow
by the truck businesses and operators, since no other less energy-efficient options will be
available on the market for new trucks. Standards, of course, do not apply on trucks sold
on the second-hand market. Setting standards will provide reassurance and investment
certainty to truck manufacturers to develop and market the new more efficient
technologies. Nevertheless, new technologies or improvements of existing ones (e.g.
engines, aerodynamics, drivetrain optimization) will, undoubtedly, involve significant
R&D spending from the truck manufacturers side in order to ensure affordability of their
products. The present modeling analysis, which covers the transport system, does not
consider the R&D spending when accounting the transport system costs. In the end, the
effort required might turn out to be higher than what the results of such studies indicate
if evolution is not optimal (Anable et al., 2012)
1.6 Conclusion
This paper provides a presentation of the modeling of standards on the EU trucks
manufacturers under an energy economic framework; we implement this methodology
within the new vehicle choice module of the PRIMES-TREMOVE transport model. The
implementation of the simulated mechanism has been concatenated within the classical
discrete choice modeling and has been formulated as a mixed complementarity problem.
The conclusions of the manuscript are drawn from the comparative analysis of 4
scenarios implementing standards of varying optimism. The model-based analysis shows
that the implementation of CO2 emissions targets on truck manufacturers will lead to a
reduction in the emissions of the trucks in the EU road freight transport sector. The
significant savings in emissions from the implementation of the standards outweigh the
increase in the trucks emissions associated with the increase in the transport activity
between 2015 and 2030. From the perspective of truck operators, the model reveals that
standards will significantly decrease the fuel expenditures without an equivalent increase
in the capital costs. Regarding LNG trucks, they are found to be favored from the presence
of standards considering that the CO2 emission factor of natural gas is significantly lower
than that of diesel. Finally, the presence of standards is found to positively influence the
uptake of zero emission trucks like hydrogen and electric for the horizon until 2030, in
the most ambitious scenario, in particular.
Significant reductions in GHG emissions from trucks will be needed in order to
achieve the objective of a 60% GHG emission reduction in the EU transport sector by
2050 (relative to 1990). A combined approach of setting progressively more ambitious
CO2 emission standards on truck manufacturers and identifying and implementing policy
measures to manage activity growth of road freight transportation is suggested for the
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period beyond 2030. More ambitious standards will trigger the uptake of zero emission
truck technologies, while fiscal measures, like road charging based on environmental
criteria, can manage the growth of the diesel-powered trucks transport activity in the EU.
Continuous policy presence is needed to effectively pave the pathway towards lowcarbon freight mobility in the long term.
There is no doubt that this kind of modeling has limitations and the present paper
is not an exception. A limitation of the present study is that the modeling has not assessed
potential rebound effects in the energy consumption, as presented in the Discussion
Section, which may result in less reduction in final energy demand than the modeling
indicates. Another limitation, that would need further research, is that the modeling
analysis has not quantified the necessary R&D investment expenditures for truck
manufacturers to market the more energy efficient truck technologies.
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Appendix
Mixed Complementarity Programming preliminaries
In short, a mixed complementarity problem is defined as follows. Consider the,
potentially unbounded, 𝑛-dimensional parallelepiped 𝑅 = {𝑥 ∈ ℝ𝑛 |𝑥𝑖 ∈ [𝑙𝑖 , 𝑢𝑖 ]} with
−∞ ≤ 𝑙𝑖 < 𝑢𝑖 ≤ ∞ and 0 ≤ 𝑖 ≤ 𝑛. Let 𝐹: 𝑅 → ℝ𝑛 be a continuously differentiable
function. A mixed complementarity problem is defined as the problem of finding a
vector 𝑥 ∗ ∈ 𝑅 for which the following are true:
𝑥𝑖∗ = 𝑙𝑖 ⇒ 𝐹𝑖 (𝑥 ∗ ) ≥ 0
𝑥𝑖∗ ∈ (𝑙𝑖 , 𝑢𝑖 ) ⇒ 𝐹𝑖 (𝑥 ∗ ) = 0
𝑥𝑖∗ = 𝑢𝑖 ⇒ 𝐹𝑖 (𝑥 ∗ ) ≤ 0
We use the standard notation for the above complementarity conditions, i.e. 𝐹𝑖 (𝑥) ⊥ 𝑥𝑖
and we say that 𝑥𝑖 is dual (or complementary) to 𝐹𝑖 (𝑥), (see Rutherford, 1995). We
denote by 𝐹𝑒𝑎𝑠(𝑚𝑐𝑝) the corresponding feasible region. There are algorithms that can
solve a mixed complementarity problem efficiently, e.g. the PATH algorithm in GAMS
(Ferris and Munson, 2000).

Evaluating alternative CO 𝟐 emission penalty (mark-up) mechanisms in
the new vehicle choice model
This section presents an evaluation of alternative penalty implementation mechanisms
and justifies the selection of the one presented in the main manuscript (eq. 2).
First, consider the following implementation in which the penalties depend linearly on
𝜆 and are defined only for the (𝑣, 𝑎, 𝑗) tuples whose CO 2 label exceed the standard.
𝑝𝑣,𝑎,𝑗 = 𝜆 ⋅

𝑐𝑜2𝑣,𝑎,𝑗
𝑆

⊥ 𝑝𝑣,𝑎,𝑗 ≥ 0

∀𝑣, 𝑎, 𝑗 | 𝑐𝑜2𝑣,𝑎,𝑗 > 𝑆

(13)

As part of the model validation process, we identified that for the same wheel
configuration, the above implementation was penalizing certain truck categories and
leaving the rest unaffected. For instance, we identified the case where only the
powertrain technologies or truck manufacturers of conventional trucks larger than 32
tonnes were penalized. Such behavior was leading to an overestimation of the effort of
certain truck categories, while leaving the rest unaffected, without implementing any
effort. The following equation implements a different penalizing policy.
𝑝𝑣,𝑎,𝑗 = 𝜆 ⋅

𝑐𝑜2𝑣,𝑎,𝑗
𝑆

⊥ 𝑝𝑣,𝑎,𝑗 ≥ 0∀𝑣, 𝑎, 𝑗

(14)

Equation 14 is similar to 13 except that is now defined over a larger domain; instead of
penalizing only the (𝑣, 𝑎, 𝑗) tuples whose CO 2 label exceeds the standard, it introduces
penalties for all tuples. The penalties are proportional to the ratio of the CO 2 label of
the truck over the value of the standard 𝑆, as in the implementation of eq. 13. Despite
resolving the previous problematic behavior, the new implementation still did not prove
sufficient. The limitation we observed is that despite the increasing effort, denoted as
large values of the penalty factors, the relative shares of the vehicle technologies would
not exceed certain thresholds. In particular, for every pair (𝑗, 𝑗′) of powertrain
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technologies, there is an upper bound 𝑈 such that the relative ratio of the shares does
𝑠ℎ

not exceed a certain threshold: 𝑠ℎ (𝑣,𝑎,𝑗) ≤ 𝑈 holds true for any feasible solution of the
(𝑣,𝑎,𝑗′)

problem and any value of the emission standard S. The following observation provides
a formal statement and proof of this limitation.
Observation 1 For any feasible solution 𝑠′ of 𝑀𝐶𝑃2 the following is true: ∀𝑗1 , 𝑗2,
𝑠ℎ′𝑣,𝑎,𝑗1
𝑠ℎ′𝑣,𝑎,𝑗2

≤ 𝑈 where 𝑈 is a positive constant depending only on input parameters.

Proof. The proof is obtained by showing that, as the dual variable 𝜆 of constraint 1 tends
to infinity,

𝑠ℎ𝑣,𝑎,𝑗1
𝑠ℎ𝑣,𝑎,𝑗2

tends to a constant 𝑈.

lim

𝑠ℎ𝑣,𝑎,𝑗1

𝜆→∞ 𝑠ℎ𝑣,𝑎,𝑗2
−𝛾
𝑐̅𝑣,𝑎,𝑗

lim

−𝛾

1

= (by constraint4)

= (by constraint43)

𝜆→∞ 𝑐̅𝑣,𝑎,𝑗2
1+𝑝𝑣,𝑎,𝑗
lim 𝑘 ⋅ [1+𝑝 1 ]−𝛾
𝜆→∞
𝑣,𝑎,𝑗2

𝑐𝑣,𝑎,𝑗1 −𝛾

where 𝑘 = [𝑐

𝑣,𝑎,𝑗2

]

. Finally, by constraint 14 we get
1+𝑝𝑣,𝑎,𝑗1 −𝛾

lim 𝑘 ⋅ [1+𝑝

𝜆→∞

𝑣,𝑎,𝑗2

]

𝑐𝑜2𝑣,𝑎,𝑗1 −𝛾

= 𝑘 ⋅ [𝑐𝑜2

𝑣,𝑎,𝑗2

]

𝑐𝑜2𝑣,𝑎,𝑗1 −𝛾

The proof is concluded by setting 𝑈 equal to 𝑘 ⋅ [𝑐𝑜2

𝑣,𝑎,𝑗2

]

. Observe that 𝑈 depends

only on values of exogenous parameters.
To tackle the limitations above, we assumed differentiated rate for the evolution of the
penalty factors as the value of 𝜆 increases. Thus, as 𝜆 increases in an effort to satisfy the
emission standard, the ratio of the penalties of any two (𝑣, 𝑎, 𝑗) tuples will quickly
diverge. Recall equation 2 which is presented in the Methodology section of the
manuscript:
𝑝𝑣,𝑎,𝑗 = (1 +

𝑐𝑜2𝑣,𝑎,𝑗 𝜆
)
𝑆

− 1 ⊥ 𝑝𝑣,𝑎,𝑗 ≥ 0∀𝑣, 𝑎, 𝑗

Observe that the penalties in equation 2 no longer dependent linearly on 𝜆. Here 𝜆 acts
as an elasticity of the factor (1 + 𝑝𝑣,𝑎,𝑗 ) that modifies the costs in equation 3 to the term
𝑐𝑜2

(1 + 𝑆𝑣,𝑎,𝑗).
Proposition 1, that follows gives a proof of correctness of the proposed mcp in the sense
that any feasible solution satisfies the equality constraints.
Proposition 1 For any feasible solution 𝑠 ∗ of the mcp the following are true:
• 𝑠 ∗ satisfies the equalities of the complementarity constraints 3,4,5,6,7,8 and 2.
• if 𝜆∗ > 0, then 𝜆∗ = min𝜆′∈ℝ≥0 {𝜆′|∃𝑠 ∈ 𝐹𝑒𝑎𝑠(𝑚𝑐𝑝)s. t. 𝜆 = 𝜆′}. In particular, 1 is
satisfied with equality in that case.
PU

Page 48

Version 3

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D3.9 Report on transport sector decarbonisation

Proof. For the first property, in the case of equality 2 we distinguish between two
possibilities for the value of 𝜆. If 𝜆 = 0 then 𝑝𝑣,𝑎,𝑗 = 0 and the complementarity
condition is trivially satisfied. If 𝜆 > 0, then 𝑝𝑣,𝑎,𝑗 = (1 +

𝑐𝑜2𝑣,𝑎,𝑗 𝜆
)
𝑆𝑡𝑑𝑎

− 1 > 0 and the

complementarity condition is trivially satisfied.
In the case of equality 3, since the positive variable 𝑐̅𝑣,𝑎,𝑗 is not bounded from above, it
cannot be the case that 𝑐̅𝑣,𝑎,𝑗 < (1 + 𝑝𝑣,𝑎,𝑗 ) ⋅ (𝑐𝑣,𝑎,𝑗 ). Now assume, for the sake of
contradiction, that 𝑐̅𝑣,𝑎,𝑗 > (1 + 𝑝𝑣,𝑎,𝑗 ) ⋅ (𝑐𝑣,𝑎,𝑗 ). Then, by the complementarity
condition we would have that 𝑐̅𝑣,𝑎,𝑗 = 0. But (1 + 𝑝𝑣,𝑎,𝑗 ) ⋅ (𝑐𝑣,𝑎,𝑗 ) is always positive as
the exogenous cost parameter 𝑐𝑣,𝑎,𝑗 is positive. We conclude that 𝑐̅𝑣,𝑎,𝑗 = 0 > (1 +
𝑝𝑣,𝑎,𝑗 ) ⋅ (𝑐𝑣,𝑎,𝑗 ) > 0, a contradiction. So the only possible way of satisfying the
complementarity requirement of 3 is by satisfying the equality in which case 𝑐̅𝑣,𝑎,𝑗 > 0.
The proof for the rest of the equations is similar.
For the second property, consider the lhs of inequality 1 written in the form 𝐹(𝜆) ≥ 0
after eliminating all the other variables using the equalities of the constraints
1,3,4,5,6,7,8 and 13; by the previous property we know that they are satisfied as
equalities. It is easy to see that 𝐹(𝜆) is increasing in 𝜆. Since the dual variable 𝜆 is not
bounded from above, then, by the complementarity condition, it can only be the case
that constraint 1 is satisfied with equality in 𝑠 ∗ , i.e. 𝐹(𝜆∗ ) = 0. Since 𝐹(𝜆) is increasing
in 𝜆, 𝜆∗ is indeed the minimum value for which the mcp is feasible.
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Research paper 2: Modelling the evolution of business models for EV
charging infrastructure development: a case study for Greece (E3M)
Status of the research paper: The paper will be submitted for review in scientific
journal after the submission of the deliverable
Abstract:
It is widely accepted that a strategy promoting electric vehicles is an essential
component of the decarbonisation of transport. However, scaling up the penetration of
electric vehicles (EVs) challenges policymaking as the purchasing costs and the range
limitations of the EVs hamper technology uptake by consumers. A recharging
infrastructure with wide coverage addresses range limitations but requires high
investment costs with uncertain returns during the early stages of the process. The aim of
this paper is to assess how different policy options affect EV penetration and the
involvement of private sector in infrastructure deployment. To this end, we propose a
stylized mathematical programming model of the decision problem and the interaction
between the actors of EV charging. We use the model to assess the factors influencing
the uptake of private investors in developing recharging infrastructure in Greece for a tenyear period, until 2030; the modelling considers the national objective to reach a 10% EV
penetration in the total fleet of cars in 2030. The results indicate that it is challenging to
bring in private investors in the early years, even using subsidies; thus, publicly financed
infrastructure deployment is important for the first years. In the mid-term, subsidization
on the costs of charging points is necessary to positively influence the uptake of private
investors. Private investments are mainly attracted from 2025 onwards, after a critical
mass of EVs has been deployed.
Keywords (4-6): Electric Vehicles; Electricity recharging Infrastructure; Business
Models; Energy-Economy Modelling; Equilibrium Programming
2.1 Introduction
The mitigation of the transport sector GHG emissions constitutes a major strategic
target in the context of the energy system decarbonisation strategy. Electrification of
private transport is considered as one of the most promising options for transport
decarbonisation due to the strong cost reductions observed for batteries. This is supported
by several long-term scenarios which foresee a massive uptake of electric vehicles (EVs),
at least in the period after 2030, as a cost-effective option for decarbonisation in the EU
(see for instance EC, 2018; Connolly et al., 2014, McCollum et al., 2014; Pietzcker et al.,
2014; Bosetti and Longden, 2013). The low-carbon transition scenarios envisage
electrification of private transport modes associated with substantial reductions in battery
costs driven by economies of scale and development of a large network for recharging
EVs.
Even though the private transport electrification strategy for the long-term seems
clear enough, the existing market barriers, such as the high battery costs and lack of
recharging infrastructure (see for example Zhang et al., 2018b; Sierzchula et al., 2014;
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Dong and Lin, 2012), still need to be alleviated. There is a growing consensus that battery
costs will continue to decrease over the next decade, continuing the trend that has been
observed over the last 5 years (Sioshansi and Webb, 2019). However, even though EV
are close to reaching cost parity on a lifetime costing basis, deployment is still slow due
to a number of other barriers including psychological factors affecting consumers’
decisions (Wang et al., 2018). Implementing complementary policies focused on the
demand side such as subsidies, access to bus lanes, parking privileges (Myklebust, 2013)
or on the supply side, such as zero emission vehicle quotas on the total annual sales
imposed on car manufacturers (Sykes and Axsen, 2017) can alleviate these barriers of
EVs by 2030.
Overcoming the barrier of lack of recharging infrastructure is a problem of
different nature compared to the technology-level challenge of reducing battery costs.
While private home charging may prove sufficient for the majority of charging needs of
small EVs during the first stages of EV deployment, the development of a robust charging
network that enables the supply of fast recharging services at key traffic nodes is
necessary to achieve high EV penetration (Speidel and Bräunl, 2014; Morrissey et al.,
2016). A number of studies have confirmed a positive correlation between the presence
of a public charging and EV adoption rates, although there is uncertainty regarding the
direction of causality (Sierzchula et al., 2014, Kihm and Trommer, 2014, Neaimeh et al.,
2017). Moreover, publicly accessible recharging infrastructure is of substantial
importance if EVs are to be adopted by population segments that do not have off street
parking option (Kley et al., 2011, Patt t al., 2019). As the decade 2021-2030 is crucial in
preparing the grounds for the massive transition towards transport electrification (Siskos
et al., 2018), investments in recharging infrastructure have to start as soon as possible to
ensure successful coordination and appropriate timeliness of decisions and construction
works.
In this respect, a major challenge emerges as a result of the dependence between
EV penetration and the development of infrastructure: the potential EV consumers are
discouraged from purchasing EVs due to lack of recharging infrastructure while investors
refrain from investing in charging infrastructure business opportunities due to the
uncertainty over their cost recovery (i.e. because of the currently low levels of charging
demand, see Schroeder and Traber, 2012). This situation is termed in the literature as the
“chicken-egg” (see e.g. Gnann et al., 2015) problem of EV infrastructure deployment.
The development of viable business models for recharging infrastructure is critical
for rendering charging infrastructure deployment an appealing activity to private
investors and at the same time ensuring an affordable charging price as well as an
adequate network of recharging points for EV users. With the term business model, we
refer to the ways businesses generate cash flow by offering a product or service. We carry
out a brief overview of the main related business models and their advantages and
disadvantages in Section 2.2.2. The prevailing choice for the success of EVs may not be
restricted to a single model but can be the result of the simultaneous presence of public
and private investments assumed by different models, effectively adapting to the
changing charging needs and aspirations of market actors.
Previous research in the literature has assessed the viability conditions of selected
cases of business models in a comparative manner assuming a specific business model
each time. However, assessing the impacts of the business models in a static manner does
not allow to consider the dynamic effects and the relevant impacts of factors such as
evolution of costs of EVs and charging infrastructure. In addition, static approaches do
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not allow a proper simulation of potential impacts from the demand side (i.e. consumers
purchasing EVs). Hence, the developments related to the emergence and the dynamic
evolution of electricity recharging business models, over the time period until 2030, as a
result of the interactions between the system’s agents have yet to be explored. We present
in Section 2.2.1 the relevant literature review on this topic.
The aim of this work is to provide a stylised modelling framework that simulates
the interactions and the decision making of the interrelated actors of EV charging. In
particular, we propose a mathematical program based on a game-theoretic analysis of the
actions of the actors of the electro-mobility system. Through the interactions of the
decision makers, the modelling simulates the evolution of the business model for the
development of the recharging infrastructure. We carry out scenario analysis to assess the
development of the different business models and the uptake of private investments under
alternative assumed trajectories on the future costs of EVs and charging points. The
quantitative analysis also aims to assess the impacts of the subsidization of private
investors for developing infrastructure as a means to trigger a transition from public to
private business model and accelerate the uptake of EVs. The analysis is applied,
specifically, to the case of Greece and focuses on the time period between 2021 and 2030.
The modelling considers the Greek national objective to reach an EV penetration of
approx. 10% of the total fleet of cars in 2030, as part of the 2030 national energy and
climate targets.
The present paper is structured as follows: Section 2.2 provides a literature review
and presents, briefly, the main characteristics of infrastructure business models; Section
2.3 describes the modelling methodology developed to answer the research questions
posed; Section 2.4 presents the results on different scenarios applied to the case of Greece;
Section 2.5 concludes the paper.
2.2 Background
2.2.1 Literature review and motivation for research
The lack of public charging infrastructure is identified in the literature as a major
barrier in the development of the EV market. The analysis of Sierzchula et al. (2014)
shows that the charging infrastructure coverage was the best predictor of EV adoption
and suggests that the installation of charging stations may be more effective than financial
measures. Zhang et al. (2018b) review the factors which influence the economics of
public infrastructure, concluding that psychological factors such as range anxiety are not
yet well understood. Nevertheless, the existence of public recharging infrastructure is
considered as a key factor for mitigating the range anxiety of EV drivers and encouraging
EV usage. Neaimeh et al. (2017) examine the relation between daily driving distance and
the power of charging service offered, based on data of EVs and infrastructure usage in
the UK and the US. The authors claim that fast chargers enable the usage of EVs for trips
of distance above their single-charge range and suggest that the existence of fast charging
infrastructure can help overcome range limitations of EVs.
Yet, the actual charging behaviour of EV users needs to be better understood in
order to assess the financial viability (from the perspective of the private investor
revenues) of publically-available charging stations. A number of scientific papers analyse
data on recharging behaviour to estimate the actual utilization of different charging types.
Speidel and Bräunl (2014) analyse the charging patterns of electric vehicles using data
from the Western Australian Electric Vehicle Trial and the EV Charging Research
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Network in Perth. Their analysis confirms that most of the EV charging takes place at
business location and at home. The authors conclude that slow and semi-fast public
charging stations will not be properly utilized when the number of EVs is low and that a
fast-DC charging network should be favoured as it will satisfy the segment of charging
demand associated with the need for quick full recharge.
In a similar spirit, Morrissey et al. (2016) analyse the consumers’ charging
behaviour using data on infrastructure usage in Ireland. Particularly for fast charging
stations, the authors denote that car park locations recorded the highest usage frequencies,
which suggests that public fast charging infrastructure can be financially viable in the
short- to mid-term. The authors, also, claim that the development of a highly connected
network of strategically placed fast charging stations should receive priority. Less
favourable findings regarding the utilization of fast public infrastructure are presented in
the study of Baresch and Moser (2019). Choosing Austria as a case study, the authors
estimate that less than 2% of charging events involve the utilization of public charging
infrastructure implying profitability issues at the present state. The authors further suggest
that fast charging located at highways is likely to be profitable since the willingness-topay for a fast recharge is expected to be significant.
A few works have proposed methodologies to assess the viability of public
charging infrastructure assuming different underlying business models. Mandina et al.
(2016) explore the economic feasibility of different charging infrastructure possibilities,
in terms of charging power, ownership of the charging station and accessibility. The
authors conclude that home charging is preferred by users who have this capability while
the success of a business model for fast charging depends heavily on the utilization of the
infrastructure. Zhang et al. (2018) study the pricing for using recharging infrastructure in
the context of public-private partnerships. The authors propose a charging pricing model
based on a system dynamics technique. Their results indicate that the charging price is
heavily influenced by the operating cost, electricity price and charging volume. In a
subsequent work, Zhang et al. (2019) propose a game theoretic modelling to decide the
EV public charging pricing, considering the interests of government, consumers and
charging facility operators. The model is applied on different regions of China and the
results suggest that governmental subsidies to charging station operators entail positive
impact on the uptake of EVs.
While previous works in the literature have studied the conditions of viability of
selected cases of business models in a comparative manner assuming a fixed business
model each time, the emergence and evolution of electricity recharging business models,
over time, as a result of the interactions between the system’s agents have yet to be
explored.
2.2.2 Brief overview of business models for recharging
infrastructure
A business model can generally be defined as the way the members of an
economic community generate and share value. According to Osterwalder and Pigneur
(2010), a business model defines the relationships between different actors (i.e. the
direction and the type of the value offered and the flow of payments among the actors).
In the case of EV recharging businesses, the respective value generated directly by the
provision of charging services is associated with extending the effective range of EVs and
mitigating range anxiety.
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A successful charging infrastructure system generates value indirectly for
automakers, parking operators and retailers via increased EV sales, the attraction of
customers who own EVs and the increased customer dwelling time in the business
premises. In addition to this, value is generated indirectly for the total members of society
regardless of their participation to electro-mobility; this value is associated with indirect
positive externalities stemming from the reduction of GHG and pollutants emissions. The
success of an infrastructure business model also depends on its ability to capture this
indirect value, as well.
In the case of the recharging infrastructure ecosystem, cash flow is generated from
EV consumers who pay the charging providers for their services. The charging providers,
in return, pay the electric utilities for the electricity. Alternative schemes foresee the
possibility for recovering the capital costs of the recharging infrastructure from the
electricity bills of all consumers and not necessarily the ones actually using the
infrastructure. In such a case, the recovery of the capital costs is less risky from the
perspective of the private investors, than in a case where only the EV users pay for the
service.
Different business models of EV charging may result by assigning roles to the
different market actors and specifying the details of the offered charging service. The
literature has identified the set of general roles that are common among different EV
charging business models (Eurelectric, 2013; Mandina et al., 2016). Those roles include:
 the electro-mobility service provider (EMSP), who offers electro-mobility
services to the end users. The offered services may include, apart from vehicle
charging, navigating services.


the charging station operator (CSO), whose role involves the management,
monitoring, and maintenance of a charging station and comprises the entity which
offers charging to the EMSP based on a business-to-business (B2B) relationship
(directly or through a third party).



the DSO (Distribution System Operator), the owner and operator of the
distribution network. DSO is the entity that maintains and operates the distribution
network and provides a platform that allows the connection between the charging
station and the electrical utilities.

In accordance with the above, the case of home charging, for example, can be seen as a
trivial model in which the EV user acts as EMSP and CSO by satisfying his/her charging
needs using a low power (3.3KW) home charger. In the case of infrastructure deployment
as a competitive market, the market actors (e.g. private investor or private operator)
develop, own and operate publicly accessible high-power (typically around 50 KW)
charging stations. This private model adapts to the changing needs of EV charging and
enjoys the merits of a competitive market, i.e. optimal cost solutions and high utilization
of infrastructure (Papathanasiou and Schina, 2018). However, there is the risk of
development of recharging infrastructure only to specific profitable regions in which
investors face the lowest investment risks. In addition, the participation of the private
sector is subject to the “chicken-egg” dilemma. The UK and Germany are two examples
of applications of such a free market approach. In the UK, public-private partnerships and
revenue sharing arrangements for the rollout of recharging infrastructure are gaining
increasing popularity in the last few years (Energy Saving Trust, 2019). In Germany,
major utilities in cooperation with automakers are planning the development of
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recharging infrastructure (IEA, 2019), effectively implementing a private market model
which captures the value generated for automakers and utilities via increased sales of EVs
and increased consumption of electric energy respectively.
Table 6: Characteristics of private, public and hybrid business models for infrastructure.
Business
Model
Category

Infrastructure
Deployment

Advantages

Disadvantages

Application
examples

Private free
market
model

Private

Competition ensures
optimal cost and utilization
of infrastructure

Uneven spatial
deployment, chicken-egg
dilemma

Germany, UK,
Italy

Public DSOtype model

Public

Deployment of
infrastructure even in
remote areas, resolution of
chicken egg dilemma

Problematic adaptation to
changing charging needs

Austria, Ireland,
Italy,
Luxembourg

Public
tenders
hybrid
model

Private (central
planning)

Even infrastructure
deployment, merits of
competition

Delays due to tendering
procedures, binding
infrastructure deployment

Norway

Contrastingly, a prominent example of a public model that assumes a central
planning approach on the development of the recharging infrastructure is the so-called
DSO model; the DSO ensures the deployment of public infrastructure and the roles of
EMSP and CSO may either be taken by the DSO or by private actors. Such a model
ensures the uniform development of the infrastructure even at regions with lower
utilization rates. However, DSO models are not easy to adapt to changing charging needs
as infrastructure may be developed based on grid adequacy and may not respond well to
the penetration of EVs; thus, these models are more appropriate as short-term solutions
(Schiavo et al., 2017; Caleno and Coppola, 2013). Typical examples can be found in
literature. For instance, in Italy, a DSO model was initially deployed but was later
replaced by a free market model when the regulatory authority perceived investing
interest from market actors (Schiavo et al., 2017). In Austria, Ireland and Luxembourg a
DSO model is adopted in which the DSOs own and operate the infrastructure as an
extension of their regulated roles – however, the commercial operation of charging
stations can be assigned to an external party (Eurelectric, 2016).
Hybrid models may result by combining elements of private and public
approaches. For example, the charging network may be centrally planned and the
development and operation of recharging infrastructure may be assigned to private agents
via public tenders. Norway presents an example of such a model; the charging stations’
locations are planned along the road network and the charging infrastructure is owned
and operated by charging operators who compete for public funding (Lorentzen et al.,
2017). This model combines the advantage of even infrastructure deployment that is
common to central planning approaches with the advantages of decreased costs and
higher infrastructure utilization. Nonetheless, this hybrid approach may introduce delays
due to the tendering procedures and the danger of binding deployment of charging stations
regardless of changes to the EV ecosystem. Table 6 summarizes the characteristics of the
different business model approaches.
To resolve the “chicken-egg” problem of the development of the recharging
infrastructure and the promotion of EVs, the EC put forward a proposal (COM (2016)
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864) which aims to harness the advantages of the two approaches. In this respect, Member
States may allow the DSOs to be engaged in activities related to the development and
operation of the recharging infrastructure in case no private investors have expressed
interest to invest. This kind of policy making: (i) supports the development of recharging
infrastructure at the early years (if no private investors are interested to be engaged in this
business), in order to avoid delaying the uptake of electric vehicles and (ii) allows the
transition towards free market conditions when conditions are mature and a critical mass
of charging points and EVs are in place.
2.3 Methodology
2.3.1 Modelling the agents of electro-mobility
In this section, we provide an overview of the proposed methodology, focusing
on the system modelling and, in particular, on the interactions between the agents. In
section 2.3.2 we present a brief game theoretic analysis of the system and in section 2.3.3
we present in detail the relevant mathematical formulation.
We consider a set of decision makers which includes the EV consumers, the
private sector investors, the policy maker and the DSO. Our modelling does not aim to
simulate the agents’ decision making in full detail; the methodology is focused on the part
of the decision making of agents that is relevant to our study, effectively ‘’projecting’’
the agents’ decision making onto the ‘’space’’ of electro-mobility. This way we
circumvent the difficulty of providing an unnecessarily complex modelling of the agents’
behaviour as we reduce the latter to a set of conditions that can be efficiently formulated
as an equilibrium problem with equilibrium constraints. In what follows, we elaborate on
how we model behaviour of each agent:
 The private investors generally allocate their capital on investing options trying
to maximize the overall returns while minimizing the investment risks and
considering the opportunity costs. In this particular problem (i.e. investing in
charging infrastructure), we utilize the internal rate of return (IRR) criterion to
model whether the private investor will engage in the investment or not. We
assume a decision threshold 𝑅 which represents an estimation of the opportunity
cost incurred to the investor by the former choice, i.e. it represents a rate of return
that the investor could achieve by investing in other choices. If the IRR of
recharging infrastructure investments is below that threshold, the investor has no
incentive to invest. The modelling considers only the case of fast charging points
and assumes exogenously that a specific part of the electricity needs is provided
by other types of charging points. The price of charging services comprises of the
electricity price and the tariff for recovering the capital cost of the investment.
The former is exogenous to the modelling and is provided by the PRIMES energy
systems model. The latter is endogenously calculated based on the utilisation of
the charging points assuming that the tariff is calculated using the levelized cost
approach. The overall price of the charging service is capped to an upper limit and
thus, considered being regulated. We carry out sensitivity analysis around this
hypothesis.
 The policy maker decides an overall decarbonisation strategy spanning multiple
sectors, aiming to mitigate GHG emissions in the most efficient way. Focusing,
again, on electro-mobility, this strategy involves setting a target on EV
penetration, with the ambition of those targets depending on the GHG mitigation
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capabilities of all the sectors. The EV penetration targets is exogenous to our
modelling. If the electro-mobility system fails to achieve the target without the
policy maker’s intervention, the latter selects to either subsidize private investors,
respecting an assumed subsidy budget per charging station, or allows the DSO to
deploy the EV infrastructure for some part of the modelled period (see subsection
2.3.2). Further, we assume that the policy maker prioritizes the deployment of
infrastructure by private agents (free market model) against employing a DSO
model. This assumption effectively implements the EC proposal (COM (2016)
864).
 The DSO, in line with the previous, is modelled as an agent having a trivial
behaviour that is activated by the policy maker and is influenced by the
participation of private investors. Hence, the DSO model may not be activated in
cases of high participation of private investors. Alternatively, DSO model
activation takes place in case of low interest from private investors that would
hamper EV deployment and risk not meeting the penetration target. In this case,
the DSO develops charging infrastructure as close as possible to the level that
would allow the targeted EV penetration, respecting an annual budget on charging
infrastructure expenditures. It is assumed that the DSO follows a central planning
approach in building charging stations and may not exceed an assumed budget for
public infrastructure expenditures. The pricing of the charging service provided
by the DSO is assumed to be regulated; the infrastructure costs are socially
recovered via increase in electricity price.
 Lastly, the decision making of consumers, as far as electro-mobility is concerned,
reduces to the decision of whether to purchase a conventional vehicle or an EV.
The consumers make their choices considering total cost of vehicle ownership
(depending on capital, maintenance, fuel costs and mileage) as well as perceived
cost and, in particular, the lack of charging infrastructure (range anxiety). In our
modelling the evolution of the capital and maintenance costs is exogenous. The
rest of the cost components are endogenous. Fuel costs are calculated by adding
the charging price (which are endogenous) and the electricity provided by the
charging station. Range anxiety is an endogenous feature of the stylized model as
it relates to the availability of infrastructure which is the result of the choices of
private investors and DSO model activation. The modelling of range anxiety
draws from PRIMES-TREMOVE considerations and for the purposes of the
present paper follows a reduced form approach.
Table 7: Taxonomy of the decision makers of the electro-mobility system considered in modelling.

Decision
Makers

Objectives and Behavior

Private
investor

Seeks to allocate capital in profitable
investing options. If charging
businesses display a certain level of
profitability, the private investor
expresses interest to invest in
charging infrastructure.
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Private investors are risk
avert and require policy
insurance regarding the
recovery of their costs.
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Consumers

Policy
maker

Modelled to select purchasing either
an EV or a conventional vehicle
depending on the total cost of
ownership of the options and the
density of charging infrastructure.



Sets concrete targets regarding the
envisaged penetration of EVs. Needs
to ensure the availability of recharging
points to promote uptake of EVs.







DSO

DSO’s role in infrastructure
deployment is activated via a public
DSO-type model only if the private
sector does not express interest in
infrastructure investments.



Consumer choice is
modelled to account for
range anxiety
Consumers consider
charging prices as set by the
operator of the charging
stations
The policy maker is assumed
to prioritize private
deployment and operation
of infrastructure over public.
He/she either employs a
DSO model or subsidizes
private investors inciting
them to deploy charging
infrastructure.
The DSO develops the
charging infrastructure up to
the required level, also
respecting an annual budget
on investments

2.3.2 A game theoretic view on the interaction among the agents
For ease of exposition, we first consider the interaction between the consumers
and the private investors. The actors can be seen as participating in a game which rewards
the cooperated action of the actors; value is generated by a successfully deployed electromobility system and shared to the actors only if both groups choose to participate, (i.e.
the consumers purchase EVs and the investors develop and operate the charging
infrastructure). Otherwise, if only one of the parties chooses to participate, this party
suffers a loss: a consumer buying an EV would not be able to utilize his vehicle; an
investor who chooses to invest while the EV penetration is at low levels would not be
able to recover the investment costs. Both parties can ensure a state-of-business payoff
by choosing not to get involved in the electro-mobility system. For both parties the payoff
of successful electro-mobility deployment is assumed to be greater than their state-ofbusiness payoff. The described game is essentially the archetypal strategic setting of stag
hunt9. The two pure Nash equilibria are the following: both groups opting for electromobility (the payoff dominant equilibrium) and both groups averting from it (the risk
dominant equilibrium or the “chicken-egg” situation).
The actors’ strategic sets in our actual modelling are closed intervals instead of
discrete sets. As we aim to model the decision making of a large number of consumers
(i.e. Greek consumers) with idiosyncratic behaviours, for a given level of infrastructure
deployment and vehicle costs, the market share of EVs purchased can be anywhere
between 0 and 100% of the total new vehicle registrations. Each individual consumer has
9

We note that the assumption of a regulated charging price is essential for the strategic setting
we present. Should the level of charging price be part of the actors’ strategies, then the resulting game
would have been a bargaining game, with the charging price deciding how the value generated by a
successful electromobility system is distributed among the two parties.
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a distinct turning point on his/her decision to purchase EV with respect to infrastructure
coverage, assuming given EV and ICE conventional vehicle costs. Under standard
assumptions on the distribution of consumers’ turning points, the total consumers’ EV
charging demand 𝐷 with respect to the level 𝑖 of infrastructure deployment can be
approximated by discrete choice-based functional forms 𝑐 = 𝐷(𝑖).
Likewise, the strategic set for private investors comprises of all the possible
amounts of capital they invest in charging infrastructure. If the estimated IRR of charging
infrastructure is below the threshold 𝑅, the investors choose not to invest. If the conditions
are favourable enough that the estimated IRR is greater than the threshold 𝑅, the investors
engage in the business. Once investments in recharging infrastructure start accumulating,
their utilization rate may decrease, depending on the extent of the uptake of EVs.
Consequently, the investors decelerate infrastructure investments down to the point where
the estimated IRR is equal to R.
More formally, the set of strategies for consumers is defined as 𝐶 = [0, 𝑉] and the
set of strategies for investors as 𝐼 = [0, U]. Let 𝑐1 , 𝑐2 ∈ 𝐶 and 𝑖1 , 𝑖2 ∈ 𝐼. Let IRR(𝑐, 𝑖)
denote the internal rate of return achieved when the EV demand is 𝑐 and the total
infrastructure investments is 𝑖. Then, the preference relations over strategic profiles of
the actors have the following properties:
For consumers’ preference ≥𝐶 : For 𝑐1 = 𝐷(𝑖1 ) we have (𝑐1 , 𝑖1 ) ≥𝐶 (𝑐2 , 𝑖1 ) for
any 𝑐2 ≠ 𝑐1, where 𝐷(𝑖) is the EV demand function with respect to level 𝑖 of
infrastructure investments (most preferred technology choice with respect to given
infrastructure coverage). A demand greater than 𝑐1 means that some consumers buy EVS
although they do not perceived EVs to be the best choice. Similarly, a demand less than
𝑐1 means that some consumers who prefer EVs buy conventional vehicles.
For investors’ preference ≥𝐼 : If IRR(𝑐1 , 𝑖1 ) ≥ 𝑅 and 𝑖1 ≥ 𝑖2 then
(𝑐1 , 𝑖1 ) ≥𝐼 (𝑐1 , 𝑖2 ), otherwise, if IRR(𝑐1 , 𝑖1 ) < 𝑅, then (𝑐1 , 𝑖2 ) ≥𝐼 (𝑐1 , 𝑖1 ) (prefers to
increase investments as long as EV business are profitable enough).
The introduction of the third player, the policy maker, completes the strategic
setting of our modelling. His/her strategy set includes the following: take no action,
subsidize the deployment of private charging stations up to a budget 𝐵 or enable the DSO
to develop the charging infrastructure, making infrastructure investments within a budget
𝐾. This actor strictly prefers any outcome in which electro-mobility is successfully
deployed (with respect to the specified penetration target) to any outcome in which it does
not. Among outcomes of electro-mobility’s success, the policy maker prefers not taking
action to subsidizing the private infrastructure deployment and prefers the latter to
allowing DSO to deploy the charging infrastructure.
In accordance to the above, the strategy set for the policy maker is defined as 𝑃 ⊆
[0, 𝐵] × [0, 𝐾]. For a strategy (𝑠, 𝑑) ∈ 𝑃, 𝑠 denotes the subsidy per charging station
given to private investors and 𝑑 denotes the infrastructure investments deployed by the
DSO.
Extending the definition to account for the policy maker, a strategic profile is now
defined as a triplet (𝑐, 𝑖, (𝑠, 𝑑)) with 𝑐 ∈ 𝐶, 𝑖 ∈ 𝐼, (𝑠, 𝑑) ∈ 𝑃. The EV demand
function now depends on both the DSO-deployed and the privately deployed
infrastructure, i.e. 𝑐 = 𝐷(𝑖, 𝑑). Likewise, the investors’ estimated IRR is a function of the
consumer demand, total infrastructure investments and the subsidy, i.e. 𝐼𝑅𝑅 =
𝐼𝑅𝑅(𝑐, 𝑖, 𝑠, 𝑑).
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Lastly, we note that the Nash equilibrium of the defined strategic setting can be
shown to be unique and, depending on the exogenous parameters, can be any of the
following: i) the EV penetration target is achieved by the cooperated actions of consumers
and private investors alone, ii) the EV target is achieved via subsidizing privately
deployed infrastructure, iii) the EV target is achieved via a DSO-deployed infrastructure,
iv) the EV target is achieved by combined private and public investments and v) the EV
target is not achieved. The latter situation may occur when the private sector was not
incited and the budget restrictions on public investments did not allow DSO to develop
the infrastructure to the required level.
2.3.3 Mathematical formulation of the problem
In this section we formulate the strategic setting of Section 2.3.2 as a mixed
complementarity problem (mcp). For simplicity, the formulation is given for a fixed year.
Table 8 summarizes the set of variables and parameters of the formulation.
Table 8 The variables and parameters of the formulation

Name

Type

Description

𝐸𝑉1

endogenous

The number of EVs incited by deployed infrastructure
when the DSO is not involved

𝐸𝑉2

endogenous

The number of EVs incited by infrastructure, deployed
either by private investors or DSO

𝐸𝑉𝑒𝑥

endogenous

Existing stock of EVs inherited from previous periods.

𝑇

exogenous

EV penetration target

𝐵

exogenous

Upper bound of annual subsidy given per charging
station (‘000 euros)

𝐾

exogenous

Annual DSO’s budget for infrastructure investments
(‘000 euros)

𝑠𝑓

exogenous

Spatial factor denoting the geographical coverage a
single charging station satisfies

𝑆𝑆𝑓

exogenous

Self-Supply factor: fraction of a single EV’s demand
that can be satisfied by means of charging at home/work

𝑆𝑆𝑢𝑝𝑝

endogenous

Amount of charging demand that is supplied by
chargers at home/work

𝐶𝑖𝑛𝑓𝑟𝑎

exogenous

Capital cost of a charging station

𝐶𝐸𝑉

exogenous

total cost of ownership for EVs

𝐶𝑐𝑜𝑛𝑣

exogenous

total cost of ownership for the typical ICE conventional
vehicle

𝐸𝑉𝑑𝑒𝑚𝑎𝑛𝑑

exogenous

the annual charging demand of a representative EV in
kWh/year

𝑠𝑢𝑏𝑠

endogenous

The annual subsidy per charging station in ‘000
euros/year

𝑑1

endogenous

Total annual charging demand considering only the
private investors involvement in GWh

𝑑2

endogenous

Total charging demand incurred by the deployment of
infrastructure by private investors and DSO
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𝐼𝑛𝑓𝑟1

endogenous

New privately deployed infrastructure for the current
period (number of charging stations)

𝐼𝑛𝑓𝑟2

endogenous

Total new infrastructure deployed in the current period

𝐼𝑛𝑓𝑟𝑒𝑥

exogenous

Existing infrastructure inherited from previous periods.

𝑖𝑛𝑓𝑟𝑀𝑎𝑥

exogenous

Maximum possible number of charging stations

𝐼𝑛𝑣𝑃𝐴

endogenous

Private agent’s infrastructure investments in ‘000 euros

𝐼𝑛𝑣𝐷𝑆𝑂

endogenous

DSO infrastructure investments in ‘000 euros

𝐶𝑎𝑛𝑛

endogenous

Charging station’s annual cash flow

𝐼𝑅𝑅

endogenous

The internal rate of return for charging infrastructure
investments

𝑅

exogenous

Decision threshold on the value of IRR

𝑢

endogenous

Annual demand satisfied by a single charging station

𝑃𝑟

endogenous

Charging price in Euros/kWh

The formulation can be, intuitively, seen as having two phases. However, the
model being formulated as a mixed complementarity problem is solved on a single shot.
The use of MCP allows to use a dual variable of a constraint on the formulation of
subsequent constraints. In the first phase, the stylized model attempts to satisfy the EV
penetration target allowing only private deployment of infrastructure, deciding the
amount of subsidy if required. Variables with subscript 1 correspond to this phase. In the
second phase, if the target is not achieved by private investments, the DSO is allowed to
deploy the necessary infrastructure; the respecting variables have the subscript (2).
Let 𝐸𝑉1 be the number of electric vehicles and 𝑇 the EV penetration target. The
following constraint implements the component of policy maker’s strategic choice that
refers to subsidizing private investors. The complementary variable 𝑠𝑢𝑏𝑠 represents the
subsidy per charging station, in the form of annual payments, given to private investors
to incite the deployment of infrastructure. The subsidy may not exceed an exogenous
budget 𝐵.
𝐸𝑉1 − 𝑇 ≥ 0 ⊥ 𝑠𝑢𝑏𝑠 ∈ [0, 𝐵]

(1)

Note that, since the complementary variable has an upper bound, it might be the
case that in a feasible solution the inequality is not respected (𝐸𝑉1 < 𝑇 and 𝑠𝑢𝑏𝑠 = 𝐵),
meaning failure to achieve the target via a free market business model. This outcome is
interpreted as the policy maker offering subsidy 𝐵 and, nonetheless, the private investors
not being interested to invest.
The next constraint (abstractly) implements the EV demand function considering
the new private investments 𝐼𝑛𝑓𝑟1 and the existing infrastructure 𝐼𝑛𝑓𝑟𝑒𝑥 . The number of
new EVs is a function of the number of charging points, charging price 𝑃𝑟 and vehicle
costs 𝐶𝐸𝑉 , 𝐶𝑐𝑜𝑛𝑣 , with 𝐶𝐸𝑉 , 𝐶𝑐𝑜𝑛𝑣 being exogenous. 𝐷 represents demand for EV and is
based on discrete choice functional form. This constraint implements the consumers’
choice for the first phase.
𝐸𝑉1 = 𝐷(𝐼𝑛𝑓𝑟1 , 𝐼𝑛𝑓𝑟𝑒𝑥 , 𝑃𝑟, 𝐶𝐸𝑉 , 𝐶𝑐𝑜𝑛𝑣 ) ⊥ 𝐸𝑉1 ∈ ℝ
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The following constraint calculates the annual charging demand (kWh/year) of
the EV fleet for the first phase. The parameter 𝐸𝑉𝑑𝑒𝑚𝑎𝑛𝑑 denotes the annual charging
demand of a representative EV (kWh/year).
𝑑1 = (𝐸𝑉1 + 𝐸𝑉𝑒𝑥 ) ⋅ 𝐸𝑉𝑑𝑒𝑚𝑎𝑛𝑑 ⊥ 𝑑1 ∈ ℝ

(3)

An exogenous fraction of the total demand, denoted as 𝑆𝑆𝑓, is satisfied by home
chargers based on the off-street parking capability of EV users or by charging at work.
(4)

𝑆𝑆𝑢𝑝𝑝 = 𝑑1 ⋅ 𝑆𝑆𝑓 ⊥ 𝑆𝑆𝑢𝑝𝑝 ∈ ℝ

Constraint (5) calculates the utilization 𝑢 (kWh/year) of charging station. Function
𝑈 gives the share of the demand that is satisfied by a single charging station, accounting
for the spatial limitations10 of charging stations.
𝑢 = 𝑈(𝐼𝑛𝑓𝑟1 , 𝐼𝑛𝑓𝑟𝑒𝑥 , 𝑠𝑓) ⋅ (𝑑1 − 𝑆𝑆𝑢𝑝𝑝 ) ⊥ 𝑢 ∈ ℝ

(5)

The annual cash flow 𝑁𝐶𝑎𝑛𝑛 for a charging station is given below. The charging
price is denoted by 𝑝𝑟 while 𝑣𝑐 and 𝑓𝑐 denote the variable (e.g. electricity price) and
fixed costs respectively. The annual subsidy 𝑠𝑢𝑏𝑠 is included in the calculation. The use
of MCP allows to use the dual variable 𝑠𝑢𝑏𝑠 of constraint (1) on the formulation of the
annual cash flow. We note that the charging price 𝑝𝑟 comprises of the electricity price
and the tariff associated to the recovery of the capital cost. The latter is calculated
endogenously, using the levelized cost approach and depending on the rate of
utilisation 𝑢.
𝑁𝐶𝑎𝑛𝑛 = 𝑢 ⋅ (𝑝𝑟 − 𝑣𝑐) − 𝑓𝑐 + 𝑠𝑢𝑏𝑠 ⊥

𝑁𝐶𝑎𝑛𝑛 ∈ ℝ

(6)

The next constraint calculates the 𝐼𝑅𝑅 estimated by private investors. 𝐶𝑖𝑛𝑓𝑟𝑎
denotes the capital cost of a station.
𝑁𝐶𝑎𝑛𝑛
∑(
) − 𝐶𝑖𝑛𝑓𝑟𝑎 = 0 ⊥ 𝐼𝑅𝑅 ∈ ℝ
(1 + 𝐼𝑅𝑅)𝑡

(7)

𝑡

The decision making of private investors is implemented by constraint (8).
Whenever 𝐼𝑅𝑅 exceeds the exogenous threshold 𝑅, the agent chooses to invest, i.e.
𝐼𝑛𝑣𝑃𝐴 > 0. Although the complementary variable 𝐼𝑛𝑣𝑃𝐴 has no upper bound, it always
takes finite values in a feasible solution. This is because, as 𝐼𝑛𝑣𝑃𝐴 increases beyond a
certain value, 𝐼𝑅𝑅 decreases a) due to competition (controlled by the utilisation of the
stations 𝑈 of constraint (5)) and b) due to the fact that, beyond a level of infrastructure
coverage, marginal demand for EVs decreases (function 𝐷 of constraint (2)). Thus, 𝐼𝑛𝑣𝑃𝐴
either takes a positive value and the constraint is satisfied as equality, or is zero if 𝐼𝑅𝑅 <
𝑅.
𝐼𝑅𝑅 − 𝑅 ≤ 0 ⊥ 𝐼𝑛𝑣𝑃𝐴 ≥ 0

(8)

10

Function 𝑈 captures the fact that a low number of EVs distributed over the modeled region
cannot constitute a low number of charging stations profitable due to spatial limitation on the demand
covered by a single station. When infrastructure coverage surpasses a certain level, 𝑈 reduces to 1/𝑖𝑛𝑓𝑟
meaning that all of the available demand (𝑑1 − 𝑆𝑆𝑢𝑝𝑝 ) is satisfied by the charging stations.
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The new infrastructure deployed by private investors for the present period is
simply derived by dividing the related investment expenditures by the unit cost of the
charging point:
𝐼𝑛𝑓𝑟1 =

𝐼𝑛𝑣𝑃𝐴
⊥ 𝐼𝑛𝑓𝑟1 ∈ ℝ
𝐶𝑖𝑛𝑓𝑟𝑎

(9)

Constraints (10), (11) and (12) refer to the DSO involvement in EV infrastructure
deployment. If the target is not achieved and the private sector has not expressed interest
even though the offered subsidy is at its maximum value (𝑠𝑢𝑏𝑠 = B) then, and only then,
the DSO may invest in infrastructure.
Constraint (10) checks whether the target is satisfied considering the total
infrastructure deployment; variable 𝐸𝑉2 denotes the number of EVs whose purchase was
incited by total infrastructure (also see constraint (12)). If the target is not achieved, the
complementary variable 𝐼𝑛𝑣𝐷𝑆𝑂 , denoting DSO’s investments, takes a positive value. In
a feasible solution, either 𝐼𝑛𝑣𝐷𝑆𝑂 takes a sufficiently large value to achieve the EV target,
or the target was achieved by private infrastructure and 𝐼𝑛𝑣𝐷𝑆𝑂 is equal to 0.
𝐸𝑉2 − T ≥ 0 ⊥ 𝐼𝑛𝑣𝐷𝑆𝑂 ∈ [0, 𝐾]

(10)

The number of charging station 𝐼𝑛𝑓𝑟2 of this phase is simply the total investments
divided by the capital cost 𝑖𝑛𝑓𝑟𝑎_𝐶𝐶 of a station.
𝐼𝑛𝑓𝑟2 =

𝐼𝑛𝑣𝑃𝐴 + 𝐼𝑛𝑣𝐷𝑆𝑂 + 𝐼𝑛𝑓𝑟𝑒𝑥
⊥ 𝐼𝑛𝑓𝑟2 ∈ ℝ
𝐶𝑖𝑛𝑓𝑟𝑎

(11)

The number EVs incited by total charging infrastructure in the second phase is
derived by the following constraint:
𝐸𝑉2 = 𝐷(𝐼𝑛𝑓𝑟2 , 𝐼𝑛𝑓𝑟𝑒𝑥 , 𝑃𝑟, 𝐶𝐸𝑉 , 𝐶𝑐𝑜𝑛𝑣 ) ⊥ 𝐸𝑉2 ∈ ℝ

(12)

In the actual stylized model, the mathematical program is solved iteratively for
each time period, assuming 1-year time steps, inheriting the state of the electro-mobility
system that resulted from the solution of the previous years. The inherited state concerns
the existing stock of EVs and the already developed charging infrastructure and affects
the utilization and profitability of new infrastructure, and the market penetration of new
EVs. Lastly, we assume annual targets on EV penetration – the cumulative EV stock
should amount to the desired level of penetration at the end of the modelled period,
assuming it was feasible to achieve each year’s target.
2.4 Scenarios and results: the evolution of electro-mobility in Greece
for the 2021-2030 period
2.4.1 Background
This section presents an application of the proposed methodology, presented in
Section 2.3. In particular, we display the functionality of the proposed system modelling
by applying it to the Greek case. The 2021-2030 decade is quite important for preparing
the transport system towards its envisaged decarbonisation by 2050, as delays during the
decade 2021-2030 can hamper the feasibility of the long-term decarbonisation target.
Recent plans by the Greek government envisage reaching a deployment of approx. 10%
of EVs in the total fleet of cars by 2030 (i.e. around 500,000 EVs), in view of the 2030
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Energy and Climate target. The vast majority of the envisaged EV sales are expected to
be small sized cars. Yet, the current deployment of recharging points and the associated
EV sales are negligible in Greece. To motivate EV sales and development of recharging
points, Greece has adopted the EC proposal by retaining a DSO model as a short-term
solution (Papathanasiou and Schina, 2018) and aiming at the adoption of a free market
model for infrastructure deployment in the medium-term.
Given the above, the quantification of scenarios carried out in this research paper
is built around the assumption that the EV deployment will need to reach approx. 10% of
the total fleet in 2030. The scenarios explore the factors which influence the transition
from a public DSO to a private free market model, considering alternative framework
conditions (e.g. costs of EVs, costs of charging points) as well as potential subsidisation
of the capital costs of the charging points.
In the following, we present the underlying assumptions and the description of the
scenarios. Afterwards, we present the model results for scenarios and sensitivities we
carry out.
2.4.2 Assumptions and description of scenarios
For our analysis we consider three different cases for the evolution of EV purchase
costs and infrastructure capital costs. The purchasing costs of EVs draw from literature
and consider a central, an optimistic and a pessimistic trajectory, using assumptions from
literature. We define a set of 9 scenarios corresponding to the possible combinations of
cost assumptions (see the scenario names and definitions in Table 9). The assumed costs
are presented in Table 10 and Table 11.
The rest of the assumptions are common and include the following:
 The price of electricity, which is the variable cost of a charging station and affects
the fuel cost of EVs draws from the Reference scenario 2016 quantified with the
PRIMES model (Capros et al., 2016) and ranges from 0.163 euros/kWh in 2021
to 0.175 euros/kWh in 2030. The remuneration of the capital cost of the charging
points is calculated endogenously in the model based on the levelized cost of
infrastructure. The charging price is assumed to be capped at 0.32 euros/kWh to
prevent overcharging of EV users.
 The share of demand that is self-supplied by means of home charging is assumed
to range from around 75% in the start of the 2021-2030 decade to around 70% in
2030, drawing from the study of Nikolas et al., 2019.
 The maximum annual subsidy per charging station is assumed to be 4,000 euros.
Recall that, in our modelling, the actual annual subsidy is endogenously derived
each year to ensure a certain level of profitability for private investors.
 The annual budget for public infrastructure investment is assumed to be 15 million
euros. Public infrastructure investments are made whenever DSO model deploys.
In this case, the amount of investments depends on the infrastructure coverage
required to achieve the desired level of EV penetration, following a central
planning approach.
 The IRR decision threshold for private investors to engage in the recharging
infrastructure development is assumed to be 5%. We carry out sensitivity analysis
on this assumption.
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All the techno economic assumptions on the competing vehicle technologies,
apart from the purchase cost of EVs, are common among the scenarios. These
assumptions include vehicle mileage, fuel consumption, maintenance and
insurance costs and vehicle economic lifetime. For the competing fuel
technologies two representative vehicles are assumed: a medium sized gasoline
car and a medium sized EV.
Lastly, for public infrastructure we consider L3 DC fast recharging stations
assuming a typical charging power of 50 KW.

Table 9: Qualitative specifications of the 9 scenarios
Scenario name

EV purchase cost

Charging station capital cost

Low EV-Low Ch.Point

Low Cost (optimistic)

Low Cost (optimistic)

Low EV-Mid Ch.Point

Low Cost (optimistic)

Central Cost

Low EV-High Ch.Point

Low Cost (optimistic)

High Cost (pessimistic)

Mid EV-Low Ch.Point

Central Cost

Low Cost (optimistic)

Mid EV-Mid Ch.Point

Central Cost

Central Cost

Mid EV-High Ch.Point

Central Cost

High Cost (pessimistic)

High EV-Low Ch.Point

High Cost (pessimistic)

Low Cost (optimistic)

High EV-Mid Ch.Point

High Cost (pessimistic)

Central Cost

High EV-High Ch.Point

High Cost (pessimistic)

High Cost (pessimistic)

Table 10 presents the three assumed cases for the evolution of EV purchase costs
and Table 11 presents the respecting cases for the evolution of charging station capital
costs for the 2021-2030 period. For the year 2020, we assume the same costs for EVs and
charging points across the scenarios. For the intermediate years (2021-2024 and 20262029), we have assumed a linear interpolation of the costs.
Table 10: Assumptions on the evolution of medium sized EVs purchasing cost (in euros)
euros
Low Cost
Moderate Cost
High Cost

2020
31,000

2025
27,000
28,000
29,000

2030
23,000
24,000
27,000

Table 11: Assumptions on the capital cost in euros of L3 Charging Stations (in euros)
euros
Low Cost
Moderate Cost
High Cost

PU

2020
44,000

2025
36,500
40,000
42,500

Page 65

2030
28,000
35,000
40,000

Version 3

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D3.9 Report on transport sector decarbonisation

2.4.3 Model results
Penetration of EVs
The penetration of EVs in all scenarios in the first half of the 2021-2030 decade
displays only marginal variation (see Table 12). In all scenarios, in 2021 the EV fleet
consists of around 2-3000 vehicles with only small differences among the scenarios due
to the common scenario assumption (i.e. costs of cars and charging points). The fleet of
EVs reaches approx. 143,000 vehicles in 2025 with small variations among the scenarios
(which is justified to a certain extent by the relatively small variations in the cost
assumptions in 2025). This result is also driven by the fact that the DSO model is
employed in the first years, as will be presented further on this section, which develops
infrastructure based on planned coverage and applies common regulated charging prices.
By contrast, the second half of the 2021-2030 decade displays a greater variation
in EV penetration. The Low EV-Low Ch.Point scenario records the highest EV
penetration (around 548,600 EVs) while the lowest EV penetration takes place in the High
EV-High Ch.Point (479,000 EVs). The differences in the evolution of EV and charging
station capital costs are enlarged towards the end of the studied period and, thus, have a
greater impact on EV penetration compared to the first half of the decade. In addition, in
the 2025-2030 period, the private sector becomes more active in infrastructure
deployment (also see subsection 2.4.3.2). As the infrastructure investments of the private
sector react with charging demand in a feedback relationship, the private model drives
rebound effects on the EV penetration in scenarios with more optimistic assumed costs.
We note that, even in 2030, the EV fleet variation is within 10% of the 500,000 EVs
target. This is driven by the policy action taken to ensure the satisfaction of the target; in
scenarios with less favourable cost assumptions: i) the DSO model is employed for a
longer period to help achieve a sufficient level of EV penetration and, thus, charging
demand before the private agents start investing and ii) the subsidization of private agents
is stronger in the scenarios with less favourable infrastructure capital cost (see following
subsection).
Table 12: Total stock of EVs in Greece in ‘000 vehicles
Scenario
Low EV-Low Ch.Point
Low EV-Mid Ch.Point
Low EV-High Ch.Point
Mid EV-Low Ch.Point
Mid EV-Mid Ch.Point
Mid EV-High Ch.Point
High EV-Low Ch.Point
High EV-Mid Ch.Point
High EV-High Ch.Point

2021
2.7
2.6
2.5
2.6
2.5
2.5
2.5
2.4
1.8

2025
143
143
143
143
143
142
143
142
138

2030
549
535
527
530
518
511
504
493
479

Deployment of private investments in charging infrastructure development
The total number of available charging stations for 2021, 2025 and 2030 is
presented in Table 13. It is generally observed that in all scenarios the number of charging
stations follows the increasing trend of the EV fleet. Table 14 presents deployment of the
private investment (i.e. the share of publically available charging stations deployed using
private funds in the total number of available charging stations). All scenarios indicate an
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ever growing involvement of the private investors in the EV recharging infrastructure
business towards the end of the decade 2021-2030.
Table 13: Total available charging stations per time period
Scenario
Low EV-Low Ch.Point
Low EV-Mid Ch.Point
Low EV-High Ch.Point
Mid EV-Low Ch.Point
Mid EV-Mid Ch.Point
Mid EV-High Ch.Point
High EV-Low Ch.Point
High EV-Mid Ch.Point
High EV-High Ch.Point

2021
79
78
78
79
78
78
79
78
73

2025
1719
1708
1695
1765
1757
1751
1841
1832
1822

2030
5245
4924
4746
5066
4772
4599
4822
4541
4312

Interestingly, while in 2025 the scenarios with pessimistic EV cost assumptions
(i.e. High) show a higher number of charging stations, the picture reverses in 2030 when
we observe a higher number of total available charging stations in the scenarios with the
optimistic cost assumptions (i.e. Low). Such development is driven by the fact that in the
first half of the 2020-2030 decade, the infrastructure is deployed for the most part by the
DSO and is the result of the need to meet the policy target rather than due to profitability.
In the second half of the 2021-2030 decade, we notice that the private model turns out to
be the prevailing model for infrastructure deployment. This is the result of the
development of a critical mass of charging points (thanks to the DSO engagement in the
early years), entailing adequate utilisation of the charging points and ensuring
profitability. The assumed cost reductions in all scenarios is also a critical factor for such
development. The consumers also tend to purchase more EVs as a result of the decreasing
EV costs and the reduction of the range anxiety (due to the development of the critical
mass of charging points). Especially, in the case of the optimistic cost assumptions, we
observe higher EV penetration resulting in higher utilization of infrastructure, further
inciting the private sector engagement.
Table 14: Share of charging stations deployed by the private sector in the total available charging stations
per time period
Scenario
Low EV-Low Ch.Point
Low EV-Mid Ch.Point
Low EV-High Ch.Point
Mid EV-Low Ch.Point
Mid EV-Mid Ch.Point
Mid EV-High Ch.Point
High EV-Low Ch.Point
High EV-Mid Ch.Point
High EV-High Ch.Point

2021

0%

2025
34%
34%
33%
35%
35%
31%
36%
32%
25%

2030
85%
84%
83%
84%
83%
81%
82%
80%
76%

The scenarios display a relative similar success for the electro-mobility system
and the private infrastructure model at the end of the 2021-2030 period. The policy
intervention via the initial DSO-model deployment and the subsidization of private
investments mitigates to some extent the higher infrastructure costs and the low EV
penetration (due to the higher costs in the early years). Naturally, the level of intervention
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required differs significantly among the scenarios. The annual subsidy per private
charging station from 2024 to 2028 is presented in Table 15. In all scenarios, before 2024,
the low infrastructure utilization prevented the private investors from entering the
infrastructure market. Until 2023 all the charging stations are publicly developed via the
DSO model. In 2024, with the help of subsidization, the private investors are involved in
infrastructure deployment for the first time. In 2024 the subsidy that private stations
require is close to the maximum available budget per charging point of 4,000 euros. The
subsidization is gradually decreased in later years. In the Low EV-Low Ch.Point (most
optimistic) scenario the private charging stations stop needing subsidy as until 2026. In
contrast, in the High EV-High Ch.Point (most pessimistic) scenario the private stations
still require some subsidization, up to 2028, to ensure an acceptable level of profitability.
Table 15: Annual subsidy given to private agents per charging station in euros
Scenario
Low EV-Low Ch.Point
Low EV-Mid Ch.Point
Low EV-High Ch.Point
Mid EV-Low Ch.Point
Mid EV-Mid Ch.Point
Mid EV-High Ch.Point
High EV-Low Ch.Point
High EV-Mid Ch.Point
High EV-High Ch.Point

2024
3,700
3,900
4,000
3,800
4,000
4,000
3,900
4,000
4,000

2025
2,600
2,800
3,000
2,700
3,000
3,200
3,000
3,200
4,000

2026
1,200
1,500
1,600
1,400
1,700
1,900
1,800
2,000
2,700

2027
0
100
200
200
400
600
600
900
500

2028
0
0
0
0
0
0
0
0
300

The subsidization of the privately deployed recharging points and the DSO
employment is found to increase the government bill. Table 16 presents the cumulative
government expenditures on the infrastructure investments made via the DSO model and
the subsidies given to support infrastructure deployment by private agents. Naturally, the
expenditure is greater in scenarios with higher infrastructure costs. This is not only
because the costs of the charging points, per se, are higher, but also because the private
investors are more reluctant to invest. In particular, the largest part of the total government
expenditures is found to be necessary in the period up to 2025, when the DSO model is
largely employed. For the period after 2025 the government expenditure concerns, for the
most part, the subsidization of private investors which requires less capital compared to
the public development of infrastructure. Towards the end of the period, the deployment
of recharging infrastructure takes place without further policy support and does not
require additional expenditures from the government.
Table 16: Cumulative government expenditures for infrastructure investments and subsidies in million
euros
Scenario
Low EV-Low Ch.Point
Low EV-Mid Ch.Point
Low EV-High Ch.Point
Mid EV-Low Ch.Point
Mid EV-Mid Ch.Point
Mid EV-High Ch.Point
High EV-Low Ch.Point
High EV-Mid Ch.Point
High EV-High Ch.Point

PU

2021
3.5
3.4
3.4
3.5
3.4
3.4
3.5
3.4
3.2
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2025
52.7
54.2
55.9
53.7
55.3
58.6
55.5
59.6
71.6

2030
53.7
55.6
57.6
55.3
57.4
60.9
58.1
62.7
75.8

Version 3

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D3.9 Report on transport sector decarbonisation

Table 17 presents the endogenously calculated charging price for using the infrastructure;
a part of the charging price includes the tariff set by the investors to recuperate their
capital cost. As presented in the assumptions of the modelling implementation, the latter
is calculated to be equal to the levelized cost of the use of the charging infrastructure. We
acknowledge though that, sometimes, this practice may differ from reality, especially in
the early years of EV deployment when the demand for recharging might be low. In such
cases, regulated prices might apply to avoid deterring private investors from entering the
market and EV users be discouraged from high charging prices. We carry out a sensitivity
analysis on the charging price assumptions, however, more research is needed on this
topic. As confirmed by the results, the tariff for recovery of the capital cost of charging
point is greater in scenarios with higher infrastructure capital costs. The levelized costs
decrease in 2030 due to assumed reduction of infrastructure costs and higher utilisation
rates of the infrastructure. The charging tariff, however, increases as it includes the price
of electricity which, according to our assumptions, is approx. 0.16 euros/kWh and 0.175
euros/kWh in 2025 and 2030, respectively.
Table 17: Charging price in euro/kWh in 2025 and 2030
Scenario

Low EV-Low Ch.Point
Low EV-Mid Ch.Point
Low
EV-High
Ch.Point
Mid EV-Low Ch.Point
Mid EV-Mid Ch.Point
Mid
EV-High
Ch.Point
High
EV-Low
Ch.Point
High
EV-Mid
Ch.Point
High
EV-High
Ch.Point

Tariff for recovery of the capital
cost of charging point
2025
2030
0.131
0.114
0.137
0.126

Total charging tariff (incl.
electricity price)
2025
2030
0.281
0.289
0.287
0.301

0.142

0.137

0.292

0.312

0.133
0.141

0.116
0.131

0.283
0.291

0.291
0.306

0.147

0.142

0.297

0.317

0.136

0.119

0.286

0.294

0.146

0.136

0.296

0.311

0.152

0.137

0.302

0.312

2.4.4 Sensitivity analysis
The scenario analysis considered 9 combinations of alternative trajectories of the
costs of EVs and the charging points. To complement the scenario analysis, we present a
sensitivity analysis on key elements which are deemed to influence the model results. The
aim of the sensitivity analysis is to quantify how the recharging infrastructure deployment
is influenced by different thresholds of profitability criteria for private investors and
policy support. In particular, we carry out sensitivity analysis with varying:

PU



charging prices of the private investors, by assuming that the capital cost
recovery is based on pre-defined regulated prices,



values of IRR decision threshold for private investors to engage in the
recharging infrastructure development business



levels of the maximum available budget (per charging point) for
subsidising private investors.
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The effects of different levels of regulated charging tariffs on the
infrastructure deployment
A sensitivity analysis was performed to assess the implementation of regulated
charging prices. On the one hand, applying regulated prices may attract private investors
to develop private charging points as it reduces the associated investment risk to a certain
extent; on the other hand, regulated prices will also ensure affordable price for consumers
to use charging services for their EVs. We use the central scenario Mid EV-Mid Ch.Point,
as a starting point to quantify two new scenarios, namely: The Low Ch.Price and the High
Ch.Price scenarios, which assume regulated charging prices of 0.32 and 0.22 euros/kWh
respectively. We note that in the Mid EV-Mid Ch.Point scenario the charging price is
approximately 0.29 euros/kWh (see Table 17).
Table 18 compares the cumulative deployment of charging stations and the
respective share of private investments in the total installations in 2030 of the Mid EVMid Ch.Point, Low Ch.Price and High Ch.Price scenarios.
Table 18: Number of charging stations and respective share deployed by the private sector in 2030
Scenario
Mid EV-Mid Ch.Point
High Ch.Price
Low Ch.Price

Cumulative number
of stations
4772
4985
4547

Share of stations developed
by private agents
83%
89%
77%

Both the number of stations and the degree of private sectors involvement in the
two sensitivity scenarios suggest that a higher charging price positively affects the
deployment of infrastructure and the success of a private model for EV charging. The
higher prices assumed relative to the central case are found to positively influence the
uptake of private investors. The higher uptake of private investors and the increased
investments in charging points are found to positively influence the demand (despite the
increase in the prices of the services) as the range anxiety factor is diminished. The
increased profitability of charging businesses incites the private sector to deploy 89% of
the 4985 stations in 2030 in scenario High Ch.Price. By contrast, 4547 fast charging
stations are built by 2030 in scenario Low Ch.Price, lower than the 4772 stations of the
Mid EV-Mid Ch.Point scenario and about 77% of the stations are deployed via private
investments.
Similar results are also found when comparing the EV fleet evolution. The higher
charging price also results in greater penetration of EVs in the High Ch.Price scenario
(approx. 530,000 EVs in 2030) compared to Mid EV-Mid Ch.Point, while in the Low
Ch.Price scenarios approx. 505,000 vehicles are found to penetrate the market by 2030.
The increased charging price for public charging only marginally affected the EV user
variable costs, as a large part of charging demand is satisfied by home charging. The
variable costs (i.e. charging costs) account for a relatively small fraction of the total cost
of ownership. The larger infrastructure coverage of the High Ch.Price scenario mitigates
the range anxiety to a significant extent, leading to a more favourable perceived cost of
EVs compared to the rest scenarios.
Sensitivity analysis on private investors’ IRR
A second sensitivity analysis is performed to evaluate how the private investments
in the recharging infrastructure business are influenced when investors expect higher
PU
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returns on their investment. Higher investment returns are also associated with the
opportunity cost of the businesses. The common assumption, presented in the scenarios
above, is that investors engage when the expected IRR of their investment exceeds 5%.
As part of the sensitivity analysis, we assume greater values for the IRR decision
threshold of private investors, which translates to a greater reluctance of the private sector
to participate in the deployment of infrastructure.
We define two additional sensitivity scenarios based, again, on scenario Mid EVMid Ch.Point: the scenario IRR_8, which assumes an 8% IRR decision threshold for
private investors, and scenario IRR_12, which assumes a 12% decision threshold. The
8% and 12% IRR thresholds selected for the present sensitivity analysis were based on
the work of Vagropoulos et al. (2014) on the financial viability of low power charging
stations in Greece which suggests an IRR of around 10%. The 5% IRR decision threshold
that is assumed in the 9 scenarios of subsection 2.4.3 was selected based on the past
decade’s experience on solar panel investments in Greece. Table 19 shows the cumulative
number of charging stations, the respective share developed by the private sector and the
total EV fleet in 2030.
Table 19: Share of charging stations deployed by the private sector in 2030
Scenario

Mid EV-Mid Ch.Point
IRR_8
IRR_12

Cumulative
number of
stations
4772
4186
3408

Share of stations
developed by private
agents
83%
75%
61%

EV fleet

518.2
491.9
465.7

The increased decision threshold makes investors more reluctant to invest in
infrastructure. In IRR_8 and IRR_12 scenarios the private sector involvement in
infrastructure deployment in 2030 is less than that of scenario Mid EV-Mid Ch.Point;
75% and 61% of total charging stations is privately deployed in IRR_8 and IRR_12
respectively compared to the 83% share in the Mid EV-Mid Ch.Point scenario.
In addition, the greater IRR decision threshold of IRR_8 and IRR_12 negatively
affect both the total number of EVs and the charging stations built by 2030. We find that
as the expectations for the investment returns increase, the deployment of private
investments decreases. This result is driven by the fact that in order to achieve an IRR of
12%, high utilisation of the charging points need to be ensured for long periods of time.
Interestingly, we observe that the share of stations developed by private investors reaches
61% of the total installations in 2030 in the scenario with an IRR threshold of 12%, in
contrast with the scenario with an IRR threshold of 5% in which the equivalent share is
83%. Moreover, the total EV fleet in the IRR_12 scenario is noticeably below 500.000
vehicles. This is the result of the failure to achieve the penetration target in some years of
the modelled period; in IRR_12 the private actors have lesser engagement compared to
the other scenarios and the public investments fail to achieve the needed infrastructure
coverage due to budget limitations.
Sensitivity analysis on the available budget
The third part of the sensitivity analysis aims to assess how the assumed subsidy
budget affects the decision making of private investors and the success of a private model
for infrastructure. The annual subsidy for the private deployment and operation of fast
charging stations, as observed in the results of subsection 2.4.3, acted primarily as a
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support for the transition period from a DSO model to private model that occurs in the
mid-term of the studied period. This part of the sensitivity analysis aims to answer
whether a different subsidy budget can accelerate or delay the participation of private
investors.
For this purpose, we define two new scenarios: the scenario High Sub, which
assumes a 5,000 budget for subsidies and the scenario Low Sub, which assumes a 2,000
budget. Both scenarios are based, once again, on the assumptions of the Mid EV-Mid
Ch.Point scenario. Recall that scenario Mid EV-Mid Ch.Point assumes an annual budget
of 4,000 euros. Table 20 presents the total charging stations built in 2021, 2025 and 2030
for the three scenarios and Table 21 shows the respective share of charging stations that
is deployed by private investors.
Table 20: Total available charging stations per time period for the three scenarios
Scenario
Mid EV-Mid Ch.Point
High Sub
Low Sub

2021
78

2025
1757
1803
1690

2030
4772
4799
4727

Model results show that, while higher and lower subsidy budget leads to
accelerated and delayed participation of the private sector, the total infrastructure
deployed, especially towards the end of the period, is only marginally affected. This
finding is consistent with the observation that subsidy is needed primarily in the mid-term
and is irrelevant towards when approaching 2030. As the infrastructure is deployed via a
DSO model whenever the private investors are not incited to invest, in later years (i.e.
2027-2030) the investors find themselves in a similar state of the electro-mobility system
and, thus, resort to similar decisions. This explains smaller variation in the share of private
infrastructure in 2030 compared to 2025.
Table 21: Share of charging stations deployed by the private sector in the total available charging stations
per time period
Scenario
Mid EV-Mid Ch.Point
High Sub
Low Sub

2021
0%

2025
35%
52%
0%

2030
83%
88%
71%

2.5 Conclusions
Electric vehicles present a key solution to decarbonize the passenger car segment;
the EU strategy for the mitigation of the transport sector GHG emissions foresees a
widespread adoption of EVs. A key barrier for the wider uptake of EVs is the lack of
recharging infrastructure which poses mobility limitations to the EV users and incurs
range anxiety. At the same time, the currently low uptake of electro-mobility is not
enough to attract investors’ interest in engaging in the recharging infrastructure
development business. This so called “chicken-egg” situation can be resolved by
strategically developing charging stations with the use of public funds to initiate the
uptake of a critical mass of infrastructure, before private investors are attracted.
In this work we propose and apply a stylized modelling of the electro-mobility
system which simulates the interplay between the penetration of EVs and the coverage of
charging infrastructure, focusing on the transition from an initial public model for
infrastructure deployment to a private model which ensures the successful participation
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of the private sector. The aim of the work is to assess the impact of multiple factors on
the evolution of EVs, including EV purchase costs, charging stations’ capital costs,
charging price, policy support via subsidies and variations in investors behavior. The
proposed methodology is applied on the case study of Greece, quantifying the impacts of
the aforementioned factors on the penetration of EVs and the rollout of charging
infrastructure. The national Greek objectives refer to an uptake of 10% EVs in the total
fleet of cars by 2030, when currently the national EV sales are negligible.
2.5.1 Policy implications
The policy implications from the analysis for Greece reveal that a DSO-type
model needs to be employed early in the 2021-2030 period which is then replaced by a
private model for charging infrastructure with the help of subsidies in the midterm. DSO
deployment is based on public funds which we acknowledge to be one form of
governmental support to developing the recharging infrastructure.
Another form of governmental support, which we consider in this paper, refers to
subsidization of private investors in entering the market. Price subsidization of the
charging points deployed by private investors, is necessary during a transition period from
a DSO to a complete private business model. The transition period for Greece is found to
take place around 2025. Providing higher subsidies to the private investors can accelerate
the transition to private business model in Greece. A third form of governmental support
is assuming regulated tariffs which allow private investors to sufficiently recover the
initial investment. In such cases, private investors find the recharging business more
attractive and secure and engage already from the earlier years of the 2020-2030 decade.
We find that such development leads to an earlier accumulation of a critical mass of
charging points which quickly mitigates the consumers’ range anxiety.
The analysis finds that the private model is deployed without the need for further
policy help, when approaching 2030, leading to the successful rollout of EVs. The main
reason for this outcome is that a critical mass of charging points and EVs has been
developed at that point in time, which implies ensured utilization of the infrastructure and
diminishing range anxiety. We postulate that the complete transition to the private
business model basically indicates that the “chicken-egg” situation is resolved.
Without a doubt, the evolution of framework conditions such as the reductions in
the costs of EVs and the charging points can have a noticeable effect in the transition
from public to private business models. Lower infrastructure costs result in earlier
participation of private investors, increased profitability of charging businesses and less
need for subsidization. Similarly, lower EV purchasing costs result in stronger EV
penetration, which affects infrastructure deployment in a feedback relationship.
The key policy suggestion is that the infrastructure should be deployed publicly
in the first years of the upcoming decade, to ensure the penetration of a critical mass of
EVs. The increased charging demand and infrastructure utilization, combined with
sufficient subsidization, should incite, in the mid-term, the participation of the private
sector with an aim to eventually let the market forces lead the evolution of the system.
Subsidizing the costs of the charging points for the private investors can be assessed at a
later point of the Greek policy making agenda (after a critical mass of publically deployed
charging points has been installed), as such analysis needs to consider the opportunity
costs of the public funds.
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2.5.2 Limitations and scope for further research
We acknowledge a number of limitations in the present study, which undoubtedly
set the need for further research in this field.
A limitation of the study is that it considered the case of fast charging points and
did not take into consideration the possibility of semi-fast public charging points. The
analysis considered only a single type of publicly available charging points (i.e. a fast DC
recharging point of approx. 50 kW). Future research needs to be carried out to assess the
necessary investments in the development of other types of recharging points on the basis
of their charging power (semi-fast and ultra-fast DC charging points). The reason for this
is that, in particular for Greece, the relatively short driving distances for commuting
purposes may not lead to the depletion of the battery within one day (i.e. for an EV with
a 150 km range), which the user can charge at his/her residence.
The representation of the policy support can be refined in the future. In this paper,
we assumed a separate policy support for the deployment of infrastructure, namely to
private investors, charging points developed by DSO and charging prices. A more refined
approach could consider a total amount of available public funds to be optimally allocated
on the abovementioned purposes/agents to ensure timely roll-out of EV recharging
infrastructure. Regarding the tariff set for the recovery of the capital costs of the charging
points by the private investors, we considered it equal to the levelized cost of the use of
the charging infrastructure. We acknowledge though that, sometimes, this practice may
differ from reality, especially in the early years of EV deployment when the demand for
recharging might be low.
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Research paper 3: Long-term transport decarbonisation scenarios using
the PRIMES-TREMOVE model (E3M)
Status of the study: The authors will consider sending the research paper for
review to a scientific journal
Abstract:
The EU climate policy ambition towards deep decarbonisation and climate
neutrality by mid-century requires the decarbonisation of EU transport sector. Alternative
technological options can lead to such decarbonisation, including electric vehicles,
advanced biofuels, hydrogen and the so-called e-fuels (i.e. synthetic fuels derived from
electrolysis-based hydrogen and other processes). To simulate the impacts of transport
decarbonisation, we enhanced the PRIMES-TREMOVE model with an explicit
representation of e-fuels technologies by mode and an enhanced linkage with the fullyfledged PRIMES energy system model. The improved PRIMES-TREMOVE transport
model is then used to simulate transport decarbonisation scenarios in line with the
ambition to limit the global temperature rise to 1.5 oC by 2050. We quantified two EU
transport decarbonisation scenarios: (i) one scenario without e-fuels (“No E-fuels”
scenario), but with extreme use of electricity, hydrogen and biofuels and (ii) a second
scenario with contribution from e-fuels (“E-fuel contribution” scenario). The analysis
aims to explore the potential contribution from synthetic e-fuels in the decarbonisation of
the transport sector. A SWOT analysis has been carried out on the basis of the model
results, which provides a comparison between the two alternative scenarios and presents
their implications both on transport and on the non-transport sectors of the energy system.
Keywords (4-6): Transport decarbonisation; Synthetic fuels in transport; Electric
Vehicles; Energy-Economy Modelling; Scenario analysis

3.1 Introduction
The European Commission (EC) has repeatedly confirmed a target of GHG
emissions reduction of at least 80% by 2050, below 1990 levels. The Paris Agreement,
explicitly, mentions that best efforts should be made to limit the global temperature rise
to 1.5 oC (1.5 oC trajectory), with a GHG emissions phase out around 2050, that is, much
earlier than considered for the 2oC strategy (see Rogelj et al. 2015, Rogelj et al. 2018,
Kriegler et al. 2018, van Vuuren et al. 2018). For this purpose, the European Commission
proposed in November 2018 (“Clean Planet for all” EC, 2018) a long-term strategy, which
includes scenarios targeting GHG emission reduction by 2050 at least 95% compared to
1990. In its Clean Planet for all strategy, the EC presented ambitious CO2 emission
reduction pathways for the transport sector to 2050. The EC long-term strategy identified
scenarios which move beyond the White Paper in transport objective of reducing GHG
emissions by 60% in 2050 relative to 1990. In particular, the EC came forward with
transport decarbonisation scenarios which deliver emission reduction levels of approx.
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90% in 2050 with regard to 1990 and are aligned with the ambition to limit the increase
of the global average temperature to 1.5 oC relative to pre-industrial levels.
Electricity, advanced biofuels and hydrogen represent key energy carriers for
decarbonising transport by 2050. However, achieving emission reduction in transport in
line with the 1.5 oC trajectory will require further actions. This is particularly relevant for
transport modes like long-haul road freight, aviation and shipping, in which technical and
economic constraints may apply. Some transport segments are hard to electrify, due to
the low energy density of batteries; the size needed to perform a long-distance flight (e.g.
over 1000 km long) is not suitable for the propulsion technologies foreseen even in the
long-term. On the other hand, the biomass feedstock for energy purposes that can be
produced sustainably in the EU cannot provide sufficiently high volumes to decarbonise
transportation fully. Disruptive changes will need to take place: utilising synthetic e-fuels
(i.e. diesel, gasoline, kerosene and gas derived from hydrogen which has been produced
from RES electricity); introducing behavioural changes in transport towards
environment-friendly and sustainable lifestyles (i.e. modal shifts towards public transport,
walking, bicycles etc.). Given the abovementioned considerations, this paper seeks to
address a set of policy questions: Is the contribution of synthetic e-fuels necessary to
decarbonise EU transport in line with 1.5 oC trajectory? What are the implications if
electricity, hydrogen and biofuels alone need to deliver transport decarbonisation? What
are the impacts on the transportation needs of businesses and passengers and on the rest
of the energy system?
In this paper, we utilise the PRIMES-TREMOVE transport model to simulate
transport decarbonisation scenarios targeting CO2 emission reduction trajectories which
are consistent with the ambition to limit the increase of the global average temperature to
1.5 oC relative to pre-industrial levels. Modelling transport decarbonisation scenarios that
achieve higher than 60% emission reduction in 2050 compared to 1990, is not a mere
upscaling of existing transport decarbonisation scenarios, but requires disruption of
current transport paradigms, businesses and infrastructure. PRIMES-TREMOVE being
part of the PRIMES modelling suite which covers all aspects of the energy system, allows
to simulate the linkages between the transport and the rest of the energy system (and in
particular the power generation sector). To this end, the model was significantly enhanced
in the representation of the new fuels as well as of the related production pathways
processes, to carry out the exercise. We provide answers to the questions drawing from
the results from the quantification of two deep transport decarbonisation scenarios: (i)
one scenario assumes that synthetic e-fuels become commercially available and
contribute to the emission reduction efforts of transport and in particular, road freight and
aviation; (ii) a second scenario assumes that transport decarbonisation will need to take
place as a result of the contribution from electricity, hydrogen and biofuels, without the
use of e-fuels.
We carry out a Strength, Weaknesses, Opportunities and Threats (SWOT)
analysis, to provide a comprehensive comparison of the two scenarios and derive insights
on the policy questions. The SWOT analysis discusses the strengths and weaknesses of
the scenarios from an internal perspective, based on their design and outcome. The
opportunities and threats are presented from an external perspective (Paliwal 2006)
considering non-transport constraints and impacts to the other sectors of the economy and
the energy system. In literature, SWOT analysis has been applied to analyse regional
energy planning (Terrados et al. 2007, Neudoerffer et al. 2001), the evolution of future
energy mix (Shi 2016), strategies for promoting renewable energy (Chen et al 2014),
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energy and climate policies (Fertel et al. 2013), strategic planning (Tavana et al. 2012)
and others.
The paper is structured as follows: Section 3.2 showcases our methodological
approach and the model enhancements. Section 3.3 presents the quantitative results, while
Sections 3.4 and 3.5 present the SWOT analysis for the scenarios. Finally, Section 3.6
concludes our paper.
3.2 Methodology
3.2.1 Brief presentation of the PRIMES-TREMOVE transport model
PRIMES-TREMOVE is a large-scale economic-engineering model of passenger
and freight transport and is part of the PRIMES modelling suite, a family of linked models
covering all aspects of the energy system including both the demand and supply sectors.
Recent applications of the PRIMES-TREMOVE model are found in Karkatsoulis et al
(2017) and Siskos et al (2018). PRIMES-TREMOVE projects the future transport activity
(both passenger and freight), the allocation of mobility to various transport modes (both
road and non-road), the choice of technology for the dynamic renewal of the transport
fleet, the use of the fleet in various trip types, the consumption of energy, associated
emissions and costs. The dynamic projections cover the period until 2050 and 2070 by 5year steps and for each European MS.
3.2.2 Modelling enhancements
Modelling transport decarbonisation scenarios which are consistent with the Paris
agreement is a challenging research. As part of the research, we enhanced the PRIMESTREMOVE transport modelling framework and we considered additional linkages with
the PRIMES energy systems model.
From the perspective of the energy system, covered in the PRIMES model, a new
module has been developed that represents the production of hydrogen, direct air capture
of carbon (DAC) and the synthesis of climate-neutral methane and liquid hydrocarbons,
as well as the distribution of hydrogen either independently or when injected in the gas
distribution system. Biofuel and climate-neutral gas injections to the gas grid are also
modelled. The module calculates feedstock inputs to the production of synthetic fuels,
choice of technologies (among electrolysers and production routes for synthetic fuels),
learning-by-doing, prices of the outputs, blending in gas distribution, distribution costs
and prices of hydrogen and synthetic fuels by consumption sector.
The power sector model of PRIMES was extended to add the representation of
chemical storage of electricity and the modelling of the synchronous operation of power
generation, load, renewable resources, energy storage, including chemical storage and the
charging cycles of the various storage systems. Investment decisions in storage systems
consider various technologies, sizes and types. Technology selection is endogenous
depending on storage costs, the time framework of storage cycles, the prices of storage
inputs and the marginal costs of the power system, which in turn depend on the
availability of renewable resources and the demand for hydrogen and synthetic fuels by
end-users. The power sector model solves the interconnected system of all European
countries simultaneously and captures the sharing of balancing resources.
From the perspective of the transport sector, covered in PRIMES-TREMOVE, the
model enhancements aimed to enrich the representation of the competition of the various
fuels that can be used in the same engine of transport equipment. The new model
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development increases the resolution by considering a split of biofuels into 1st generation
(food based) and advanced (non-food based). In addition, the modelling also considers
the synthetic e-liquid fuels, which can directly substitute fossil fuels using the same ICE
engines.
Figure 7 presents the fuel possibilities for transport technologies running on
gasoline, diesel; the fuel possibilities for jet engines are also presented. The model
considers that either fossil-based fuel or synthetic e-fuel or biofuel will be provided at the
pump for use by engine technologies operating on such fuels. We assume that all these
fuels are fungible (meaning that they will be able to be burnt on the same engine without
the need for modifications and/or additional infrastructure). Biogasoline and biodiesel are
further split into food-based and advanced biofuels; we do not consider the possibility of
biokerosene produced from food-based fuels.
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e-diesel
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Figure 7: Fuel possibilities for transport technologies running on gasoline, diesel and jet engine aircrafts

A new modelling mechanism has been implemented in PRIMES-TREMOVE
which computes the shares of the fuels at the lowest level of the tree (as presented in
Figure 7). The model mechanism considers constraints which set either upper or lower
bounds on the shares of the various fuels. For instance, the mechanism allows to simulate
caps on the maximum possible use of food-based biofuels in transport by mode, as is
prescribed by the Renewable Energy Directive 2. It also allows to capture policies that
reflect mandates, regulations or fiscal incentives for the uptake of certain fuels. The
relative shares of the fuels of the tree (see Figure 7) are obtained after applying discrete
choice modelling, subject to constraints. A logit model has been applied in which the
generalised prices of each fuel alternative are taken into consideration; generalised prices
include the price of each fuel alternative, fiscal incentive for certain fuels and market
readiness factors. The generalised prices are measured in Euro/toe. The elements that
comprise the generalised price either increase or decrease the competitiveness of the
alternative option.
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3.2.3 Scenario design
For the purposes of this paper two transport decarbonisation scenarios have been
quantified with PRIMES-TREMOVE. The two scenarios scope to deliver an emission
reduction in transport of approx. 90% relative to the 1990 levels. Such emission reduction
trajectory in transport is in line with the ambition to limit the increase of the global
average temperature to 1.5 oC relative to pre-industrial levels, as was confirmed in the EC
Long-Term Strategy (EC, 2018). We remind that the White Paper in transport (EC, 2011)
set the objective of reducing CO2 emissions in transport by 60% in 2050 relative to 1990.
The scenario analysis aims to explore whether electricity, hydrogen and biofuels
are sufficient to deeply decarbonise the EU transport sector by 2050. We also assess
whether the synthetic e-fuels are necessary to achieve transport decarbonisation. Yet,
synthetic fuels set additional strains on the power generation sector, as their production
requires significant amounts of electricity, that in the “climate neutrality” context comes
mostly from RES.
To this end, we have quantified two scenarios
 “E-fuel contribution”: Synthetic e-fuels are assumed to make significant
inroads as key transport fuels for road freight and aviation, induced by the
substantial decline in their production costs, as related technologies mature
and are commercialised. The origin of the hydrocarbon molecules is
modified in order to ensure carbon neutrality using synthetic molecules
rather than fossil ones. Τhe production of synthetic methane and liquid
fuels uses hydrogen from carbon-neutral electricity and carbon dioxide
captured in the ambient air or from biogenic sources. E-fuels are
distributed in the existing infrastructure using the current vehicle
technologies (i.e. ICE). Complementary to e-fuels, electricity, hydrogen
and advanced biofuels are selectively used in other transport modes
depending on their cost effectiveness. This scenario provides a balanced
use of alternative energy carriers as enablers of transport decarbonisation.
 “No E-fuels”: This scenario, by design, assumes that synthetic e-fuels do
not reach commercial maturity within the horizon up to 2050. Transport
decarbonisation will take place as a result of a strategy focusing on
maximum use of electricity, hydrogen and advanced biofuels. The
maximum use of electricity is limited to a certain extent by technical or
economic constraints related to the characteristics and ways of usage of
certain transport modes. Advanced biofuels are meant to be a complement
of electricity only in sectors where full electrification is not technically
feasible with currently known technologies, such as in aviation and road
freight.
3.3 Scenario results
This section presents the results of the quantitative analysis. In particular, we
present the evolution of the CO2 emissions and the final energy consumption in cars and
vans, road freight and aviation.
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Mtoe

3.3.1 CO2 emissions
CO2 emissions are drastically reduced in the two scenarios by 2050. In particular,
the overall transport CO2 emissions decrease by approx. 92% in 2050 compared to the
2010 levels. The vast majority of the remaining CO2 emissions are due to aviation
(approx. 72 Mton CO2 in 2050). The road transport sector emits approx. 11 Mton CO2 in
2050 (mainly coming from the long-haul road freight transport). The resulting reduction
in the respective CO2 emissions is the result of the uptake of various alternative energy
carriers in the transport fuel mix, driven by policies targeting the emergence of clean fuels
and technologies.
The private car and vans segment depicts an unprecedented reduction in its CO2
emissions, resulting from the uptake of clean vehicle technologies. The uptake of clean
vehicles is driven by the implementation of near zero CO2 emission standards on car and
vans manufacturers from 2040 onwards and policies targeting the uptake of clean
vehicles; all new car and van sales from 2040 onwards are zero emission vehicles. The
fleet of cars and vans remaining from the previous time periods are mainly using biofuels
or synthetic e-fuels (depending on the scenario).
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Figure 8: Evolution of CO2 emissions in transport in the 1.5 oC trajectory scenarios

3.3.2 Cars and vans fuel mix
Developments in the cars and vans segment in the “E-fuel contribution”
scenario
Model results for the “E-fuel contribution” indicate a strong reduction in the
overall final energy demand from cars and vans, when approaching 2050, as a result of
the deployment of advanced vehicle powertrains which also offer significant energy
savings (e.g. electricity and hydrogen). The results in the “E-fuel contribution” scenario
present a strong uptake of electric vehicles, starting from 2030 and peaking in 2050.
In particular, electricity contributes to more than half of the final energy demand
for cars and vans. Synthetic fuels represent approx. a quarter of the overall final energy
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Mtoe

demand from cars and vans. Hydrogen consumption holds approx. 15% of the overall
final energy demand from cars and vans in 2050. The market share of biofuels in the fuel
mix of cars and vans diminishes by 2050, as biofuels are replaced by synthetic fuels in
the cars and vans segment. Biofuels are used in other transport modes such as road freight
and aviation in which synthetic fuels alone are not enough to provide the overall needs
for mobility purposes and decarbonise the sectors.
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Figure 9: Cars and vans final energy demand in the “E-fuel contribution” scenario

Synthetic fuels are projected to cover the mobility purposes for long-distance
motorway trips, in the “E-fuel contribution” scenario. Synthetic fuels are utilised by ICE
cars, which may not differ substantially from today’s standards. In particular, these
vehicles burning synthetic fuels consist of conventional ICE powertrains, hybrid
powertrains and powertrains equipped with batteries (i.e. range extenders). The use of
synthetic fuels is envisaged for larger car market segments (i.e. D and above) which can
better serve long-distance trips, than smaller car sizes.
Electricity will mostly be used for urban driving and partly for short-distance
inter-urban/ suburban car driving purposes, in the “E-fuel contribution” scenario; electric
vehicles, on average, will be able to cover trips of up to 250-300 km (EVs with higher
range will of course be available). The necessary battery electric range of up to 250-300
km (in real world conditions) can be delivered with today’s (or near-future) standards. In
addition, the battery capacity, needed to deliver such range autonomy, does not add
significantly to the weight of the vehicle, which otherwise would require a battery
technology breakthrough to reduce the battery weight per kWh ratio. Utilising battery
packs (providing such electric ranges) does not require significantly increased purchasing
costs compared to conventional ICE cars. Electricity will be used, mainly in the small car
and the lower-medium car market segments, in this scenario. Using electricity for urban
and sub-urban driving will also substantially reduce the air pollutant emissions in the
cities and the suburban areas.
Hydrogen fuel cell cars (FCEVs) will provide transport mobility for relatively
medium driving distances. In particular, FCEVs will provide a complementary role to the
driving distances that cannot be covered by EVs (i.e. driving distances of more than 300
km). One could wonder why hydrogen fuel cell cars are needed in the “E-fuel
contribution” scenario, since synthetic fuels can also take up the role of hydrogen for the
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medium driving distances. Synthetic fuels need to also be used in other transport modes
in which the GHG emission reduction possibilities are more limited than for cars (e.g.
road freight and aviation). Hence, from a resource available perspective, synthetic fuels
are only used in car market segments that neither electricity nor hydrogen could provide
mobility services, unless an unprecedented technological breakthrough from batteries and
fuel cells was to take place.

Figure 10: Allocation of fuels by car market segments and driving distances in the “E-fuel contribution”
scenario in 2050

Developments in the cars and vans segment in the “No E-fuels” scenario
The “No E-fuels” scenario also presents a significant reduction in the overall final
energy demand from cars and vans (Figure 11). The overall final energy demand from
cars and vans decreases by about 10% in 2050 relative to the “E-fuels contribution”
scenario. This outcome is driven by the high penetration of technology and fuel options
which are more energy efficient than ICE technology. This particular scenario, by design,
shows no contribution from synthetic e-fuels in the final energy demand from cars and
vans in the projection period up to 2050. Hence, in the absence of e-fuels, other fuel
options are used to provide mobility services. The analysis indicates that electricity,
hydrogen and biofuels will be the major fuels used in the cars and vans segment, by 2050
in the “No E-fuels” scenario.
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Figure 11: Cars and vans final energy demand in the “No E-fuels” scenario

Electricity holds the largest share in the cars and vans fuel mix, from 2040
onwards. The use of electricity in this particular scenario is amplified, when compared to
the scenario which included the contribution from e-fuels. Higher use of electricity is
needed in the “No E-fuels” scenario to also cover a significant part of urban and shortdistance inter-urban driving. More ambitious technological improvements in batteries
will need to take place such that BEVs are able to cover distances of approx. up to 450
km in real world conditions and not increase significantly the cost of the vehicles.
Hydrogen fuel cell vehicles will cover to a certain extent sub-urban mobility trips
(complemented with BEVs). However, FCEVs are expected to contribute more to the
long-distance motorways and in particular to provide mobility services for trips of approx.
600 km. To deliver such ranges with the FCEVs, will also require important technological
developments related to not only increasing the on-board hydrogen storage possibilities
but also improving the hydrogen specific energy consumption as a means to increase the
range autonomy.
Biofuels are mostly utilised for long-distance trips in which neither hydrogen nor
electricity can be utilised. Considering biomass feedstock potential limitation constraints
and that biofuels can also be used in more difficult to decarbonise transport modes,
biofuels do not see a substantial market uptake (like electricity) in the cars and vans
market segment. Hence, biofuels are mostly used for mobility purposes and modes in
which electric and hydrogen fuel cell technologies cannot contribute due to technical
limitations, by 2050.
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Figure 12: Allocation of fuels by car market segments and driving distances in the “E-fuel contribution”
scenario in 2050

3.3.1 Heavy goods vehicles fuel mix
In the following, we presentation the evolution of the final energy demand in the
heavy goods vehicle segment in the two scenarios.
Developments in the HGV segment in the “E-fuel contribution” scenario
Synthetic fuels make significant inroads in the “E-fuel contribution” scenario in
the final energy consumption in heavy goods vehicles. The uptake of synthetic fuels starts
taking place, shortly after 2030 and peaks around 2050. The share of synthetic e-fuels in
HGVs reaches 45% in total final energy consumption by 2050. Synthetic fuels are mainly
used in diesel and natural gas trucks operating in long-distances and do not pose any
constraints on the road freight transportation. Biofuels contribute to a much smaller extent
on the long-haul road freight trips and are also used in the same ICE diesel engines of
trucks. The overall quantities of biofuels used in road freight are approx. 16 Mtoe by 2050
and represent 27% of the final energy demand of the road freight transport sector. The
scenario shows a small uptake of hydrogen fuel cell and electric trucks; both of which
hold the 20% of the final energy demand of road freight transport. Hydrogen and
especially electric trucks operate more in urban and sub-urban areas and make inroads in
the smaller truck categories (i.e. less than 16 tons GVW).
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Figure 13: Heavy goods vehicles final energy demand in the “E-fuel contribution” scenario

Developments in the HGV segment in the “No E-fuels” scenario
In the absence of synthetic e-fuels, in the “No E-fuels” scenario, biofuels need to
greatly cover the energy needs for the road freight transport sector by 2050. The projected
biofuel quantities reach approx. 24 Mtoe in road freight final energy demand by 2050; in
share terms this represents around 48% of the total final energy consumption of the sector.
Biofuels are needed to almost exclusively power trucks operating in long-haul
transportation, in the absence of synthetic fuels. Hydrogen fuel cell trucks also need to
emerge at a higher extent in this scenario compared to the “E-fuel contribution” scenario,
to complement the use of biofuels; since the latter also need to be used in other sectors
(i.e. aviation). Hydrogen fuel cell trucks operate in medium distances; the share of
hydrogen in the overall final energy demand of the sector reaches approx. 29% in 2050.
Finally, the scenario shows some uptake of electric trucks (6.5 Mtoe in 2050). Again,
electric trucks are need to provide services in the urban areas and are mainly small to
medium-sized trucks.
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Figure 14: Heavy goods vehicles final energy demand in the “No E-fuels” scenario

3.3.2 Overall final energy demand in transport
The resulting final energy demand in transport in the “No E-fuels” scenario
reaches approx. 187 Mtoe in 2050. Biofuels consumption reaches 70 Mtoe and represents
38% of the total final energy demand in transport. Around half of the biofuel quantities
are consumed in aviation (34 Mtoe in 2050). The remaining biofuel quantities in 2050 are
used in road freight (24 Mtoe) and inland navigation and domestic maritime (5 Mtoe).
Electricity represents around a third of the total final energy demand in transport (56
Mtoe) in 2050, with the vast majority being used in private road transport mobility.
Hydrogen quantities represent about 16% of the total final energy demand in transport in
2050 and they are mainly used in road freight and private cars. The remaining fossil fuel
quantities mostly consist of kerosene which is still being utilised in aviation.
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Figure 15: Overall transport final energy demand in the “No E-fuels” scenario
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The “E-fuel contribution” scenario presents a more balanced picture as regards the
contribution from the various clean energy sources in transport, as also synthetic fuels
contribute to the transport sector energy needs. The overall final energy consumption of
the transport sector is slightly increased compared to the “No E-fuels” scenario, in 2050,
as more ICE vehicle technologies are being utilised in this scenario. E-fuels hold the
largest share of the total final energy demand in transport (approx. 32% which represent
65 Mtoe). A third of the total final energy demand for synthetic fuels is consumed in
aviation. Electricity represents the second largest energy carrier in the final energy
demand in transport (about 25% of the total energy consumption). The biofuel quantities
are more limited in this scenario compared to the “No E-fuels” scenario; the final energy
demand for biofuels is 34 Mtoe and holds 17% of the total energy needs of the transport
sector in 2050; biokerosene consumption, in particular, reaches 14 Mtoe by 2050.
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Figure 16: Overall transport final energy demand in the “E-fuel contribution” scenario

3.4 SWOT analysis of the "E-fuel contribution" scenario
In this section, we carry out a Strength, Weaknesses, Opportunities and Threats
analysis to provide a comprehensive comparison of the two scenarios. The SWOT
analysis discusses the strengths and weaknesses of the scenarios from an internal
perspective. The opportunities and threats are presented from an external (to the transport
system) perspective considering impacts on other sectors of the economy and potential
limitations that may arise. The main conclusions from the SWOT analysis for each
scenario are summarised in relevant tables.
3.4.1 Strengths - "E-fuel contribution" scenario
Historically, the transport system has evolved such that the movements of
passengers and freight (either separately or jointly) are facilitated. To this end, the
relationships between transport supply (i.e. network and transport equipment) and
demand have been well defined and optimised through the years. The development of the
transport infrastructure has facilitated the connectivity between the different locations
(Origins and Destinations) and enables the spatial accumulation of socioeconomic
activities. The “E-fuel contribution” scenario does not entail changes to the ways the
transport system operates today. Transport operations will continue depending on
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established methods, also by making optimal use of the transport infrastructure. This is,
in particular, more relevant to the case of road freight transport, in which the large
availability of synthetic fuels and to a smaller extent of biofuels, will not pose any range
limitations to the operation of long-haul trucks.
The “E-fuel contribution” scenario will continue to use ICE vehicles for the
transportation of people and goods, as these vehicles will be able to run on synthetic fuels.
The transportation of goods by road will continue to depend on compression ignition
engines running on e-diesel, without the need to depend on the still not mature hydrogen
fuel cell trucks or pantograph trucks. ICE trucks will be able to refuel on the existing
refuelling infrastructure facilities, without the need for an extensive development of
hydrogen refuelling infrastructure for heavy vehicles or the lay-out of overhead contact
lines on the motorways (for overhead catenary trucks).
The “E-fuel contribution” scenario manages to deliver a deep transport
decarbonisation by 2050 in line with CO2 emission reduction trajectories which are
consistent with the ambition to limit the increase of the global average temperature to 1.5
o
C relative to pre-industrial levels. The deep emission reduction is the result of the uptake
of diversified energy sources in transport (i.e. electricity, hydrogen, biofuels and synthetic
e-fuels). The scenario projects a relatively balanced contribution from the various energy
sources and are utilised in those transport modes in which the marginal value is the
highest. In particular, biofuels contribution is limited to those transport modes in which
electricity and hydrogen cannot fully substitute petroleum products; in such cases,
biofuels complement the contribution from synthetic fuels. The relatively limited biofuel
quantities in this scenario limit the competition for land use with other sectors.
3.4.2 Weaknesses - "E-fuel contribution" scenario
Despite vastly decreasing the Tank-To-Wheel carbon emissions, the combustion
of e-fuels in the ICE of vehicles will continue emitting pollutants. Truck diesel engines
emit a mixture of air pollutants, comprising of gaseous and solid material; the latter refers
to diesel particulate matter (PM). The use of air pollutants-free energy sources for
transport mobility purposes in the urban areas (e.g. electric cars, small electric trucks,
etc.) will result in a substantial reduction of the air pollutants concentration in the urban
agglomerations. However, people will continue to be exposed to PM (emitted from
compression ignition engines of trucks) during travelling on motorways. Similarly, the
use of ICE will incur negative externalities due to noise levels; nevertheless, the noise
impact will only affect residences located in the rural areas and close to road networks
where trucks circulate.
Another weakness of this scenario is that it requires substantial amounts of
electricity to produce the e-fuels for transport. The transformation process pathways
involve energy conversions which incur energy losses: electricity produced from RES
needs to be transformed into hydrogen, which in turn is transformed into synthetic liquid
fuels for transport. One could argue that the exploitation of the excess RES production
(i.e. which would be generated in any case and not be exploited) into producing synthetic
fuels for transport is beneficial, despite the energy losses. However, for the purposes of
the “E-fuel contribution” scenario, the excess RES production is not adequate to produce
the synthetic fuels needed in transport. Significant investments in further expanding the
RES capacity as well as expenditures associated with expanding and improving power
grids.
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3.4.3 Opportunities - "E-fuel contribution" scenario
The increased synergies between the transport and the power generation system
can be considered as opportunities for improving the coupling of the two sectors. While
the need for a significant production of synthetic fuels for transport implies increased
investment expenditures on the power generation system, yet, the chemical storage of
RES electricity implies relatively stable electricity prices in the long-term. The power
generation system can achieve significant cost reductions by scheduling hydrogen and
synthetic fuels production when low electricity prices prevail and using synthetic fuels
when RES shortage occurs.
The continued use of synthetic fuels and the exploitation of the existing refuelling
infrastructure and reliance on ICE vehicles will not increase the investment expenditures
of households and businesses related to the purchasing of transport equipment. This is in
particular more relevant to freight transport businesses which will not need to pay
significantly higher upfront capital costs for purchasing trucks equipped with advanced
powertrains. This is also true for households, but to a smaller magnitude. EVs will
continue facing reductions in the costs of batteries which at a certain point in time will
not be a true burden to consumers. However, this scenario foresees a penetration of EVs
and FCEVs with significantly higher vehicle range autonomies relative to the “No Efuels” scenario. The higher ranges need higher capacity battery packs which result in even
higher capital costs.
3.4.4 Threats - "E-fuel contribution" scenario
Large scale chemical storage of electricity (i.e. power-to-hydrogen) largely
depends on the technology readiness levels (TRL) of those technologies that currently
remain at a demonstration stage. There is high uncertainty as regards the learning
potential of the power-to-e-fuel conversion pathways. Substantial R&D sources need to
focus on decreasing the associated capital costs of these conversion processes. In this
respect, the evolution of the future prices of the e-fuels are uncertain as they largely
depend on the future electricity prices and the capital costs of the conversion processes.
On the other hand, the uncertainty regarding the developments of the battery and
fuel cell technologies seem to be smaller, as the industry is continuously delivering more
affordable advanced vehicles to the market every year. The “E-fuel contribution” scenario
does not require a technology breakthrough in the battery electric vehicles (battery costs
will continue to go down). However, the scenario envisages that multiple technologies
will need to be successfully developed by 2050, meaning that high R&D sources will
need to be split over various technologies. Potential stresses on financial resources are
expected which in turn may negatively affect the commercialisation and achieving
economies of scales of certain technologies (e.g. the development of the hydrogen fuel
cell cars costs which depend on the cumulative sales of fuel cell stacks and systems).
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Table 22: SWOT analysis of the "E-fuel contribution" scenario

Strengths

Weaknesses














Continued use of available mature vehicle
technologies
Use of available refuelling infrastructure
Reduction in CO2 emissions
No impacts on passenger mobility habits
No impacts on freight transport & logistics
Balanced diversification of energy sources
in transport
Limited competition for land use with other
sectors



Remaining air pollutant emissions
Remaining noise levels due to ICE
High demand for electricity (due to
relatively inefficient transformation
process)
Possible stresses in RES potentials, due
to the vast amounts of electricity required

Opportunities

Threats







Increased synergies with power generation
(e-fuels serve as storage of excess variable
RES production)
Social equity (more affordable ICE
vehicles, especially for low-income
households)




High R&D sources split over multiple
technologies (in particular for e-fuels
conversion pathways; less for batteries
and fuel cells)
Expected high e-fuel prices (dependent
on the costs of conversion technologies)
Potential stresses on financial resources
to be used for multiple technologies
commercialisation

3.5 SWOT analysis of the "E-fuel contribution" scenario
3.5.1 Strengths - "No E-fuels" scenario
The enhanced contribution from electricity and hydrogen into reducing transport
related GHG emissions will also lead to a reduction in the air pollutant emissions. In
contrast with the case of synthetic fuels which emit air pollutants, electricity and hydrogen
powered vehicles do not emit air pollutants at the tailpipe level. Considering that the
electricity and hydrogen are produced using RES as a primary energy source, also means
that the related WTT air pollutant emissions are also negligible. This scenario can lead to
an almost zero air pollutant concentration due to transport, around urban and sub-urban
areas. In addition, the noise levels from ICE road vehicle technologies will be even lower
than in the scenario in which synthetic fuels penetrate the transport market. Hence, the
high penetration of electricity and hydrogen will incur positive externalities.
Unlike the scenario with the high penetration of synthetic e-fuels, the “No E-fuels”
scenario does not entail a significant strain on the power generation system as regards
fulfilling the energy needs from the transport sector. As presented in the SWOT analysis
for the “E-fuel contribution” scenario, the production of synthetic e-fuels requires
substantial amounts of electricity, as the conversion pathways involve energy losses
across the chain. The absence of e-fuels in this scenario provides the benefit that no
additional substantial investments in RES to produce e-fuels are required, other than those
required to generate electricity and hydrogen (through electrolysis) for direct use in enduse.
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3.5.2 Weaknesses - "No E-fuels" scenario
In the absence of synthetic e-fuels, the scenario considers the contribution from
three energy carriers as a means to reduce transport emissions in line with the ambition
to limit the increase of the global average temperature to 1.5 oC relative to pre-industrial
levels. Namely, the “No E-fuels” scenario projects a high penetration of electricity,
hydrogen and biofuels. The related weakness of this scenario is that achieving the
transport decarbonisation needs to be based on the successful technology breakthrough
of electricity, hydrogen and biofuels.
The “No E-fuels” scenario projects the maximum contribution from electricity
and hydrogen in the passenger transport sector between the two scenarios. This implies
that EVs and FCEVs will need to provide mobility for a large number of trips of the
passengers. Considering that such vehicles (especially EVs) have limited range relatively
to ICE vehicles (and especially diesel vehicles), it might be the case that hidden costs will
arise in the ways of personal mobility movements. Even under a technology breakthrough
scenario for batteries and fuel cells, in which EVs and FCEVs will be able to provide
range autonomy of about 500 and 600 km, respectively, it will not be enough to provide
the same range as an ICE vehicle. It might be the case, that passengers will need to lease
an ICE vehicle to carry out a long-distance trip, if their own vehicle is not able to provide
the service or in case it might require plenty of stops for recharging/refuelling. Hidden
costs are considered as a weakness of this scenario.
The impacts of not using non-ICE technologies are expected to be larger for road
freight transport. The transportation of goods is associated as a supply chain starting from
a producer and ending at the home of the consumer. Road freight transport logistics,
scheduling and routing of trucks have been optimised in accordance with the available
road network, the location of the production and consumption sectors and the technical
availability of trucks (i.e. carrying capacity, energy consumption, refuelling stops, etc.).
Shifting from ICE trucks into using battery electric trucks, will entail hidden costs which
shall impact on the road freight operations. Equipping the truck with large batteries will
increase the gross vehicle weight, limit the available cargo space area of the vehicle and
will lead to the need of using additional trucks to deliver the same amount of goods.
Regarding pantograph trucks, in particular, while they do not have the same range
limitations as battery electric trucks, they still need to be connected on overhead
electrified cables to operate on electricity. When disconnected from the overhead
electricity lines, they operate as a conventional ICE truck. Again, the logistics and the
routing will need to be changed to minimise the amount of time that the truck is not
“connected” to electricity.
3.5.3 Opportunities - "No E-fuels" scenario
This scenario is expected to incur some positive impacts on the households and
businesses annual expenses. Using electricity and hydrogen, the running costs of vehicles
will be lower than in cases of vehicles equipped with an ICE. From the perspective of
households, the lower annual expenses for transport purposes (i.e. fuel bill) will allow
spending more money on other goods or increase the household savings. From the
perspective of businesses, the lower variable costs will decrease the expenditures related
to the transportation of goods and increase their competitiveness. Lower transport costs
are also reflected in the product prices which, in turn, are to the benefit of the households
and the businesses.
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This scenario offers the opportunity to explore the possibility of producing
advanced biofuels which are not competing to land-use and food supply. The absence of
synthetic fuels will render the use of biofuels “absolutely necessary” for road freight
transport and aviation. There is an opportunity to scale advanced biofuel production and
invest in R&D to decrease the costs of biomass conversion. Yet, the opportunity will
arise, in particular for biomass feedstock which do not pose threats on the food supply,
namely: waste residues from inedible parts of crop plants, forestry residues, waste and
others.
3.5.4 Threats - "No E-fuels" scenario
While we note the opportunity of exploiting certain biomass feedstock as potential
energy sources for the transport sector, we also acknowledge that what is considered as
an opportunity might turn out as a threat. The scenario considers a substantial contribution
from advanced biofuels, which is considered as a weakness of this scenario. There are
significant uncertainties as regards whether the biomass system will be able to deliver the
necessary biofuel quantities. The evolution of the future prices of the advanced biofuels
are also uncertain as they depend on the costs of the conversion technologies and the price
of the biomass feedstock.
The “No E-fuels” scenario is likely to turn current infrastructure into stranded
assets. This applies, in particular, to refuelling stations which will only serve long-haul
road freight transport. Similarly, refineries may become stranded assets, unless they are
used as bio-refineries. Contrastingly, in the “E-fuels contribution” scenario such
infrastructure facilities could be used to blend synthetic fuels with petroleum products.
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Table 23: SWOT analysis of the " No E-fuels" scenario

Strengths

Weaknesses












Reduction in air pollutant emissions in
road transport
Reduction in noise levels in road transport
Reduction in GHG emissions
Puts less strain on the power generation
system, relative to the “E-fuel
contribution” scenario
EV and battery technology are rapidly
improving and can be competitive to ICE
cars even by 2030







High demand for advanced biofuels
Potential limitations on passenger mobility
habits (by using more BEVs and FCEVs)
Need for technology breakthrough in the
battery and fuel cell technologies (i.e.
more than the “E-fuel contribution”
scenario
Impacts on freight transport & logistics
(rerouting, etc.); hidden costs due to lower
vehicle ranges
Increased CAPEX (for long-range BEVs
and FCEVs)

Opportunities

Threats











Likely cheaper running costs (for
households and businesses)
Exploit (to a certain extent) advanced
biofuels (those not competing to land-use
and food-supply)
Facilitate new transport modes, possibly
creating new market opportunities (like
small e-cars in city centres, e-scooters)
Opportunities for job creation in the
electricity sector, especially in RES-based
technologies. Electricity has a high
potential for creation of jobs.





Competition for land use with other
sectors due to biofuel use
Uncertainty regarding biofuel prices
(dependent on the costs of conversion
technologies and feedstock availability)
Current infrastructure (refineries, transport
of oil products and petrol/diesel stations)
become stranded assets- negative impacts
on employment in these sectors

3.6 Conclusions and policy implications
We further enhanced the PRIMES-TREMOVE transport model to simulate new
clean energy carriers for decarbonising the transport sector. The modelling work involved
the representation of the synthetic e-fuels which can derive from hydrogen being
produced from vRES and also the disaggregation of biofuels into food-based and
advanced biofuels. The quantitative analysis undertaken through the model presents two
transport decarbonisation pathways by 2050, in line with the ambition to limit
temperature increases by 1.5 oC: (i) the first pathway considers the contribution of the efuels as potential energy vectors for decarbonisation, complementing electricity,
hydrogen and advanced biofuels; (ii) the second pathway considers the maximum
possible use of electricity, hydrogen and advanced biofuels in sectors in which it is
economically and technically feasible, without any contribution from e-fuels. We carried
out a SWOT analysis to assess the strengths, weaknesses, opportunities and threats of
each of the alternative decarbonisation pathways.
The modelling has highlighted the “no-regret” character of certain actions. The
“no-regret” category includes options that already exist in the 2030 climate and energy
policy packages, which should be scaled up in the period after 2030 and will unavoidably
hold a significant role in the long-term transition. The electricity is a no-regret option for
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specific applications like private transport mobility for urban and sub-urban areas. The
range autonomy of electric cars will be sufficient to cover the mobility needs around the
urban agglomerations. This finding is confirmed in both scenarios, regardless of the
commercialisation of synthetic e-fuels.
The case of synthetic fuels contrasts the “no-regret” option of using electricity in
urban and short-distance sub-urban areas. Synthetic fuels can be considered as a
“disruptive” element in the sense that they are not present in today’s energy system and
their introduction is envisaged to induce changes in the way distribution system supplies
end-users with energy. E-fuels can be used in various transport modes. For instance, the
private mobility long-distance trips on motorways are more uncertain compared to urban
trips and there is no single solution that will prevail. If synthetic fuels (e-diesel and egasoline) become mature, then these trips will be carried out using a balanced mix of efuels, biofuels and to a certain extent hydrogen (in fuel cell cars). Contrastingly, if e-fuels
do not become commercially available, both electricity and hydrogen will need to
compensate to a much larger degree for these long-distance inter-urban trips. In particular,
electric vehicles will need to be able to provide much higher range autonomy than what
is provided by EVs currently produced. This will require substantial R&D spending and
is also uncertain. Biofuels will also be used for such trips, however, there are limitations
in the use of biofuels, as these also need to be used for road freight transport and aviation.
The role of synthetic fuels is significant in delivering emission reductions in
transport modes which are rather inflexible to decarbonise. The use of e-diesel and ekerosene in road freight and aviation will not entail changes to the ways the transport
system operates today. Transportation of freight and passengers will continue depending
on established methods, also by making optimal use of the transport infrastructure. In the
absence of synthetic fuels, the transportation of goods is likely to be distorted, as road
freight transportation will need to be carried out using powertrains which do not provide
the same range autonomy as compression ignition powertrain.
Industrial maturity of today’s immature technologies is key for achieving a deep
decarbonisation of the transport sector by 2050, in both transport decarbonisation
pathways. On the one hand, synthetic fuels need to become mature and affordable; the
technologies for synthetic fuels production are not novel; yet they are far from being
industrially mature. On the other hand, electric and hydrogen fuel cell technologies need
to undergo significant technological breakthrough to deliver high range autonomy, almost
equivalent to that of conventional ICE powertrains. In both cases, strains on the power
generation system and the biomass supply sector are expected to take place.
Further research is required to analyse the uncertainties associated with the
alternative pathways towards reaching a deep transport decarbonisation by 2050. In
particular, future research is needed to identify the appropriate policy instruments that
will need to be set in place to drive the uptake of new clean energy carriers in transport.
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Research paper 4: Coupling a detailed transport model to an Integrated
Assessment Model (PIK)
Status of the research paper: The paper will be submitted for review in scientific
journal after the submission of the deliverable
Abstract:
Deep transport sector decarbonization is very relevant for achieving ambitious
climate targets, due to its significant carbon emissions. Transport emissions are expected
to play an even more significant role in the future, as decarbonization is likely to be more
challenging than in other sectors, especially in hard-to-abate transport segments (like
aviation and freight trucks). We contribute to this research area by developing a coupled
modelling framework consisting of a large-scale IAM linked with a detailed transport
model. The IAM comprises a detailed representation of the energy supply pathways and
therefore accounts for the competition for scarce fuel resources and CO2 emissions in
deep decarbonization scenarios. The transport model provides projections of future
demand trends, and assesses alternative evolutions of mobility demand depending on
assumptions about input parameters like fuel and vehicle prices, powertrain efficiency
and user preferences with respect to alternative vehicle types and modal switching. This
allows us to compare the development of mobility demand across different input
assumptions. The joint system of IAM (REMIND) and sectoral model (EDGE-T)
converges reliably, thereby setting the stage for the implementation of detailed models of
other demand sectors. Results for a baseline scenario indicate that energy services demand
in Europe grows in the next decades for both passenger and freight transport, increasing
by 20% and 40% respectively from 2015 to 2050. Transport emissions are expected to
decrease by 25% in the same time range, due to a shift towards advanced vehicles
(battery-electric and fuel cell vehicles) as well as an increased use of biomass to supply
the liquid fuels.
4.1 Introduction
Deep transport decarbonization is very relevant in achieving ambitious climate
targets, due to its significant carbon emissions (Sims et al., 2014). Transportation is
expected to play an even more significant role in the future, as decarbonization is likely
more challenging than in other sectors (Luderer et al., 2018). In addition, a critical
interplay exists between economy and mobility, transportation being both an enabler and
a consequence of economic development (ITF, 2017). Models have been used in the past
in an attempt to capture the sector dynamics and sketch possible futures of the transport
system, and a variety of transport focused models have been developed. The main
tendencies of the modelling community are (1) towards a very detailed technology-rich
approach that only marginally accounts for larger system transformation in energy supply
and other demand sectors, or (2) towards a quite aggregated systemic approach with
limited detail on the transport technology representation and a representation of key
feedbacks across economic sectors (Hamilton et al., 2015). IAMs tend towards the latter
in providing highly aggregated demand sector proxies in aggregate macro-economic
environments, as their level of detail on the demand representation is usually limited by
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computational restrictions. IAMs are traditionally more focused on the supply side
(Kriegler et al., 2018), but an increasing interest in demand oriented policy analysis
(Creutzig et al., 2018; Edelenbosch et al., 2017; Riahi et al., 2015; Wilson et al., 2012)
calls for improvements also in the demand representation.
To overcome this limit, previous studies highlight the advantage of coupling a topdown model (provided with a macro-economic environment) and a bottom-up,
technology rich model for transportation. (Bunch et al., 2015) introduces model coupling
to improve the representation of behavior in transport related decisions. (Mercure et al.,
2018) overcomes the limited representation of perfectly informed consumers in an IAM
integrating a road transport sub-component. In (Schäfer and Jacoby, 2006) the authors
emphasize the importance of a careful calibration of the coupled system comprising a
multi-sector multi-region model and a transport technology rich model. The advantages
of integrating models to increase sectoral detail but limiting complexity are underlined in
(Huppmann et al., 2019).
We contribute to this research area focusing on the feedbacks between the
competition for scarce resources at a macroeconomic level and detailed transport
modelling and preferences. We develop a transport specific model, EDGE-Transport
(hereby referred to as EDGE-T), and couple it with the large scale IAM REMIND. The
purpose of EDGE-T is to provide a detailed and easily extensible environment to evaluate
transport specific policy analyses. REMIND on the other hand provides a coherent fullsystem general-equilibrium framework that encompasses macro-economic feedbacks,
which ensures the consistency of the transportation with the other economic sectors.
Coupling the two models allows to assess the feedbacks between the transport system and
the economy and to more consistently evaluate the impact of detailed transport policy
scenarios within a complete macro-economic framework. This configuration provides a
detailed transport sector representation with limited computational load as well as a quite
flexible standalone environment suitable for transport specific analyses. The models and
their main characteristics are schematically reported in Table 24 and described in detail
in Section 4.2 and 4.3. Section 4.4 describes the coupling between the two models. In
Section 4.5 we report the results and in Section 4.6 we synthesize the main conclusions
of this study.
Table 24: REMIND and EDGE-T main characteristics.

Name

Model type

REMIND EnergyEconomyClimate model
EDGE-T Discrete
choice model

Sectors
represented
Buildings,
Industry,
Transport
Transport

Spatial
resolution
Global model,
regional
resolution
Global model,
country level
resolution

Sectoral
resolution
Aggregate
sectoral
representation
Detailed
representation of
transport system

4.2 Description of the modelling tools: REMIND
REMIND is a global energy-economy-climate model (Luderer et al., 2015). The
model incorporates the economy and climate system, with a quite detailed representation
of the energy sector. The model spans from 2005 to 2100 and represents the whole world
divided into a set of geopolitical regions. The spatial aggregation adopted for this study
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is reported in the Supplementary Information and comprises 12 geopolitical regions. For
each region the model maximizes utility generated by labour, capital and energy use by
means of a nested Constant Elasticity of Substitution function (CES) (Chung, 1994).
Energy comprises the most energy intensive economic sectors: buildings, industry and
transportation. The three energy demand sectors compete for energy use, and are
substitutable with low elasticity. The CES stages the competition between alternative
production factors and accounts for the utility value associated. The competition between
alternatives is represented via elasticities of substitution.
The substitutability between factors is expressed by elasticity parameters 𝜎, which
define the demand response to a variation in prices. Low elasticity (𝜎 → 0) represent a
competition between production factors that are hardly substitutable, and therefore will
tend to be used in fixed proportions, whereas high elasticity (𝜎 > 1) refers to production
factors that are good substitutes. In a policy scenario, changes in relative energy prices,
e.g. due to carbon prices that make carbon-intensive energies more expensive, modify the
initial demand configuration, leading the model to favor specific production factors at the
expenses of others. A representation of the CES structure is provided in Figure 17.

Figure 17: REMIND CES structure. Energy carriers are provided by the Energy System Module (ESM) to the
CES lowest level nodes. Three energy-demanding sectors, Buildings, Industry and Transport, are explicitly
represented in the model.

Transport is divided into passenger and freight demand, which each include a
short- to-medium and a long distance option. The substitution elasticity between
passenger and freight transport can be understood as separate price sensitivities that allow
each sector to behave independently: if the price of freight transport increases while the
price of passenger transport stays unchanged, it is likely that freight demand is reduced
without passenger demand being reduced likewise, which would be the case if the
substitution elasticity were 0 (Leontief production function). This is particularly relevant
in light of the asymmetry in decarbonization options on the freight and passenger modes.
Transport CES leaves are in energy services units (measured in ton-km and passengerkm for freight and passenger respectively), as the benefit to households and firms comes
from the amount of traveling and transported goods, not from the amount of final energy
used. To compare to the previous structure, the reader is invited to refer to (Pietzcker et
al., 2014).
The initial configuration of demand for each production factor is provided
exogenously in the model calibration phase, where the set of CES efficiency parameters
is calculated for the baseline economic and technological development scenario. During
PU
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the calibration process, the CES efficiency parameters are adjusted until the model
replicates exogenous demand trends (Levesque et al., 2019). A set of demand focused
models, called EDGE models (Energy Demand GEnerators) provides REMIND with
sector-specific energy demand pathways. Three EDGE models have been developed in
the past years to obtain sector specific demand trends: EDGE-Buildings (Levesque et al.,
2019, 2018), EDGE-Industry, and EDGE-T, presented in this paper for the first time.
In a REMIND run, the model determines the amount of energy to allocate to the
different demand sectors (transport, buildings, industry), depending on the initially
provided demand pathways and the marginal utility associated to each extra unit of energy
demand. The model takes into account costs and availability of resources and the
associated emissions, in a decision-making process mainly influenced by economic
constraints.
This aggregated representation is too schematic for a detailed analysis of
transportation decarbonization. Literature agrees that many factors, monetary and not,
influence transport choices. Decisions result from a combination of tangible costs and
other decision drivers: time invested in traveling (Schafer and G Victor, 2000; Zahavi,
1981), inertia of the infrastructure system (Waisman et al., 2013), behavior of consumers
(Anable et al., 2012; Bunch et al., 2015; Le Gallic et al., 2017; McCollum et al., 2017;
Schafer, 2012), among others. In addition, consumers carry out decisions at multiple
levels. As an example, let’s consider a consumer’s decision process leading to the
purchase of a car. She might ask herself if it is convenient and affordable to buy a private
car, as opposed to e.g. use a bike or public transport. Then, she might choose which
vehicle size is more suitable for her (e.g. a large and powerful SUV or a small and flexible
city car), and which powertrain technology (Internal Combustion Engine-ICE or BEV
vehicle). At each step, a multitude of drivers are influencing the consumer’s decision: is
she living in a rural or urban area?, what is her income?, what is the available
infrastructure?, what are the costs of purchasing and operating the different car models?.
Eventually, a model strives to cover the multiple aspects of the decision making process.
In the REMIND CES framework, the different levels are aggregated so much that the
individual choices cannot be represented. Introducing EDGE-T, we aim to detail the
decision environment to better approximate a real buyers' decision.
4.3 Description of the modelling tools: EDGE-T
EDGE-T is a technology- and mode-detailed partial-equilibrium transport model,
building on the GCAM transport module (Kyle and Kim, 2011; Mishra et al., 2013). It is
structured as a nested multinomial logit structure (Ben-Akiva et al., 1985; McFadden,
1973; Train, 2009), and relies on the modified logit formulation as documented in (Clarke
and Edmonds, 1993). The multinomial logit structure is reported in Table 25 for a default
case11:
Table 25: Representation of the logit nested structure from EDGE-T.

Aggregate Mode

11

can vary.
PU
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Transport
Passenger12

LDV

Buses and
Coaches

Transport Freight

International
Passenger
Transport
International
Freight Transport

Mini/Subcompact
Car
Compact/Midsize
Car
Large Car
Van
Small Motorcycle
Large Motorcycle
-

ICE-Liquids13
ICE-NG
ICE-Hybrid14
BEV
Fuel Cell Electric
Vehicle (FCEV)

Rail and HSR

-

Aviation
Road

Rail

Truck (<3.5)
Truck (>3.5t and
<16t)
Truck (>16t)
-

Shipping
Aviation

-

ICE-Liquids
ICE-NG
Electric Buses
Hydrogen Buses
Liquids
Electricity
Liquids
ICE-Liquids
ICE-NG
Electric Trucks
Hydrogen Trucks
Liquids
Electricity
Liquids
Liquids

Shipping

-

Liquids

EDGE-T achieves a detailed representation of fleet composition in a flexible
structure with low computational costs, with a runtime of around 1 minute. It covers both
passenger and freight transport, further distinguished in domestic and international.
Investments and capacity additions are accounted for using levelized cost per kilometer
(tangible and intangible), with a default depreciation rate of 5%. It includes an explicit
representation of vintages for Light Duty Vehicles (LDV). EDGE-T provides also
projections of demand for transportation, based on regression formulations.
In order to reflect the competition for scarce resources, fuels and emissions, a
macro economic framework is required, represented by a set of inputs: GDP, population,
fuel prices, income and price elasticity, and a set of assumptions on technological
development. The model achieves country level detail and spans a time range from 1990
to 2100, with time steps of 5 years initially and 10 years after 2060, and is calibrated to
historical up to 2010. The model allows the representation of non-economic factors and
sector specific policies. The model allows the representation of non-economic factors and
sector specific policies. The spatial disaggregation is at country level. Concerning
European countries, the historical demand is based on the TRACCS database
12

Passenger navigation is not included due to the small share in total travel.
Gasoline and Diesel are not separately modelled.
14
In the current model version, only mild Hybrid are implemented.
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(Papadimitriou et al., 2013) and ACEA (“ACEA - European Automobile Manufacturers’
Association,” 2019), as well as on the GCAM model database (Mishra et al., 2013). For
energy efficiency of European LDVs we base our assumptions on (Cox et al., 2018), for
both historical and projected values. Transport costs and value of time are based on
(“IEA-ETSAP | Energy Demand Technologies Data,” https://iea-etsap.org/; Mishra et al.,
2013; Potkány et al., 2018). Concerning China, we base our assumptions on (Zhang et al.,
2016) as well as on the GCAM database (Mishra et al., 2013). For other regions we rely
on historical data from the GCAM database (Mishra et al., 2013). If necessary, we
perform a downscaling from regions to country level using GDP as a weight for extensive
variables (e.g. transport demand), while intensive variables are kept constant for each of
the sub-countries of a given region (e.g. energy intensity)15. GDP and population are
calibrated on the SSP2 scenario (Riahi et al., 2017). A learning rate16 of 20% induces a
decrease in purchase costs for batteries vehicles in time (Weiss et al., 2019). Income
elasticity for passenger modes is based on own calculations derived from (Dargay, 2010)
and (Mishra et al., 2013). The data input structure by source is represented in Table 26.
Table 26: Input data of EDGE-T classification.

Region
EU Countries

Entry
Historical demand

Source
(Mishra et al., 2013; Papadimitriou et
al., 2013)
(“ACEA - European Automobile
Manufacturers’ Association,” 2019)
Energy efficiency LDV (Cox et al., 2018)
Energy efficiency (non (Mishra et al., 2013)
LDV)
Non-EU countries Historical demand
(Mishra et al., 2013; Zhang et al.,
2016)
Energy efficiency
(Mishra et al., 2013)
All countries
Costs, Value of Time
(“IEA-ETSAP | Energy Demand
Technologies
Data,”
https://ieaetsap.org/; Mishra et al., 2013; Potkány
et al., 2018)
GDP, Population
(Riahi et al., 2017)
BEV learning rate
(Weiss et al., 2019)
Income elasticity
(Dargay, 2010; Mishra et al., 2013)

4.3.1 Market shares allocation
Each option present in the nested logit structure gains a market share which
depends on its price, in comparison to the associated price of alternative technological
options and fuels. Preferences of the consumers towards specific options are considered
15
In the current model version, detailed data have been gathered only for Europe and we analyse
results at regional level for non-European regions. The model is conceived on a country-level to allow
country specific studies for any country in the future; however, this would require a bottom-up detailed
data gathering exercise beforehand.
16
Learning by doing.
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as well. The allocation of market share for alternative 𝑖 occurs by means of a modified
logit function (Weibull function), defined on the available 𝑛 alternatives, for country 𝑐
and at time step 𝑡:
𝑠𝑖,𝑐,𝑡 =

𝑊𝑖,𝑐,𝑡 (𝑝𝑖,𝑐,𝑡 )

𝜆

∑𝑛
𝑖 𝑊𝑖,𝑐,𝑡 (𝑝𝑖,𝑐,𝑡 )

𝜆

(1)

Where 𝑠𝑖,𝑐,𝑡 is the obtained market share, 𝜆 the logit exponent, 𝑊𝑖,𝑐,𝑡 the preference
parameter (Weight) and 𝑝𝑖,𝑐,𝑡 the price. Follows a synthetic description of the variables in
Eq. 1.
Logit Exponent: It determine the sensitivity of the market share to the price ratio,
i.e. how large the price ratio between alternatives must be in order to produce a change in
the related market shares. High values lead to a high sensitivity to price variations. The
values of logit exponents we adopt are reported in Table 27.
Table 27: Logit exponents in the EDGE-T model.

Level
LDVs and Trucks
Buses
4Wheelers

Sub-Level
Powertrain choice (Oil, NG, H2, BEV…)
Vehicle Choice (Small Car, SUV...)

λ
-41
-41
-2*

Passenger transport
Freight transport

Mode choice (Rail, Road, Shipping,
Aviation…)

-3*
-2*

1

Own calculations.
*Derived from (Mishra et al., 2013).
λ represents the exponent of the logit formulation in Eq. 1 for the decision amongst the categories in the Sub-Level. The
Sub-Level column represents the nested sub-nodes for any given Level (first column).

Preference Factor: Preference factors are synthetic parameters that describe
country-specific preference towards transport alternatives. Their trend in time is
exogenously set on the basis of scenario assumptions. This requires assumptions on the
evolution of the transport system (e.g. development in the infrastructure, shifts in new
technologies acceptance, evolution of the consumer preferences, government policies).
For instance, the current market for private cars shows a pronounced preference towards
conventional vehicles (as an example, today in Europe only 3.4% of the total fleet is
represented by alternative-powered vehicles (“Passenger Car Fleet by Fuel Type | ACEA
- European Automobile Manufacturers’ Association,” 2016), due to a number of
economic practical reasons, (e.g. higher upfront investment, lack of recharging
infrastructure, relatively short range for a full charge) as well as a number of behavioral
and society driven reasons (e.g. neighborhood effect17 (Rezvani et al., 2015), inertia of
consumers, range anxiety). The different drivers are complex and entangled, and attribute
a different “weight” to the economic driven decision of a household. In order to translate
𝑊 in an economic equivalent, it is possible to calculate the inconvenience costs associated
as follows:
𝑊 ∙ 𝑝 𝜆 = (𝑝𝑖𝑛𝑐𝑜𝑛𝑣𝑒𝑛𝑖𝑒𝑛𝑐𝑒 + 𝑝)𝜆 (2)
1
𝑝𝑖𝑛𝑐𝑜𝑛𝑣𝑒𝑛𝑖𝑒𝑛𝑐𝑒 = 𝑝 ∙ (𝑊 ⁄𝜆 − 1) (3)
This formulation allows to represent Equation 1 as:
17

Influence of the community on the lifestyle of individuals, which might affect the preferences
in consumption of green vehicles.
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𝑖𝑛𝑐𝑜𝑛𝑣𝑒𝑛𝑖𝑒𝑛𝑐𝑒
(𝑝𝑖,𝑐,𝑡 + 𝑝𝑖,𝑐,𝑡
)

𝜆

𝑠𝑖,𝑐,𝑡 = ∑𝑛
𝑖

𝑖𝑛𝑐𝑜𝑛𝑣𝑒𝑛𝑖𝑒𝑛𝑐𝑒 𝜆
(𝑝𝑖,𝑐,𝑡 + 𝑝𝑖,𝑐,𝑡
)

(4)

From Equation 3, we notice that 𝑊 → 1 corresponds to a 𝑝𝑖𝑛𝑐𝑜𝑛𝑣𝑒𝑛𝑖𝑒𝑛𝑐𝑒 → 0 (high
acceptancy leads to low inconvenience costs), and 𝑊 → 0 corresponds to
𝑝𝑖𝑛𝑐𝑜𝑛𝑣𝑒𝑛𝑖𝑒𝑛𝑐𝑒 → ∞ (low acceptancy leads to high inconvenience costs).
Price: Prices are the combination of different components, namely (1) fuel price,
(2) non fuel price and (3) value of time, following this formulation:
𝑝𝑖,𝑐,𝑡 = 𝐹𝑢𝑒𝑙𝑃𝑟𝑖𝑐𝑒𝑖,𝑐,𝑡 + 𝑁𝑜𝑛𝐹𝑢𝑒𝑙𝑃𝑟𝑖𝑐𝑒𝑖,𝑐,𝑡 + 𝑃𝑟𝑖𝑐𝑒𝑜𝑓𝑇𝑖𝑚𝑒𝑖,𝑐,𝑡 (5)
Where 𝐹𝑢𝑒𝑙𝑃𝑟𝑖𝑐𝑒𝑖,𝑐,𝑡 represents the price of fuel per travelled km,
𝑁𝑜𝑛𝐹𝑢𝑒𝑙𝑃𝑟𝑖𝑐𝑒𝑖,𝑐,𝑡 accounts for all vehicle related costs18 (purchase cost, O&M costs,
registration taxes and subsidies), and 𝑃𝑟𝑖𝑐𝑒𝑜𝑓𝑇𝑖𝑚𝑒𝑖,𝑐,𝑡 represents the intangible cost of
the time invested in traveling. In EDGE-T it is directly proportional to the average wage
𝑊𝑎𝑔𝑒𝑅𝑎𝑡𝑒𝑐,𝑡 , and inversely proportional to the transport speed according to this
formulation (Mishra et al., 2013):
𝑊𝑎𝑔𝑒𝑅𝑎𝑡𝑒
𝑃𝑟𝑖𝑐𝑒𝑜𝑓𝑇𝑖𝑚𝑒𝑖,𝑐,𝑡 ∝ 𝑆𝑝𝑒𝑒𝑑 𝑐,𝑡 (6)
𝑖,𝑐

Eq. 6 implies that consumers when traveling are “investing” some of their time,
which they value proportionally to their working time. Therefore, as per capita income
increases, household prefer faster transport modes (Schäfer et al., 2009). Currently,
𝑃𝑟𝑖𝑐𝑒𝑜𝑓𝑇𝑖𝑚𝑒 is only attributed to passenger transport.
Figure 18 provides a graphical representation of the impact of the above
mentioned parameters (logit exponent, preference factors and prices). It considers a two
node nest, where private Cars compete with Buses to supply Road passenger demand. On
the x-axis is reported the ratio between Car price and Bus price, and on the y-axis the
market share of Cars. The three panes of Figure 19 (A, B, C) refer to different relative
values of preference factors for Cars and Buses. In each pane multiple lines for different
values of 𝜆 are included. In both A, B and C 𝜆 high in absolute value determines a high
sensitivity to a variation in price ratio (steep curves), while small 𝜆 is associated to small
sensitivity to price variation (flat curves). The effect of preference factors emerges across
panes: strong preference towards Buses (𝑊𝐵𝑢𝑠 ≫ 𝑊𝐶𝑎𝑟 , Figure 19 A) leads to 𝑠𝐶𝑎𝑟 ≪
𝑠𝐵𝑢𝑠 if Buses and Cars are equally expensive (𝑝𝐶𝑎𝑟 ⁄𝑝𝐵𝑢𝑠 = 1). The opposite occurs for
𝑊𝐶𝑎𝑟 ≫ 𝑊𝐵𝑢𝑠 (Figure 19 C): Cars gain a high market share (𝑠𝐶𝑎𝑟 ≫ 𝑠𝐵𝑢𝑠 ) at
𝑝𝐶𝑎𝑟 ⁄𝑝𝐵𝑢𝑠 = 1. Curves are symmetric at log(𝑝𝐶𝑎𝑟 ⁄𝑝𝐵𝑢𝑠 ) = 0 if the weight attributed to
both alternatives is equal (𝑊𝐶𝑎𝑟 ⁄𝑊𝐵𝑢𝑠 = 1, Figure 19 B): in this configuration, a decrease
and an equal increase in price of Cars have the same effect in terms of |𝛥𝑠𝐶𝑎𝑟 |. In both
Figure 19 A, Figure 19 B and Figure 19 C for 𝑝𝐶𝑎𝑟 𝜆 ≡ 𝑝𝐵𝑢𝑠 𝜆 the shares of Cars and Buses
is indifferent to 𝜆 as prices simplify in Eq. 1 and 𝑠𝐶𝑎𝑟 is only a function of 𝑊𝐶𝑎𝑟 , 𝑊𝐵𝑢𝑠 .
B

18
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A
A
A
A)

B
B)

C)

Figure 18: Trend of Cars market share as a function of ratio between Car price and Bus price in a two-node
multinomial logit nest, for different values of λ.
Note: Three cases are represented: low preference for Cars (A), equal preference for Cars and Buses (B), high preference
for Cars (C). λ influences the steepness of the curves; W ratio influences the sensitivity to price ratio change. The x-axis is on a log10
scale.

The resulting prices for the aggregate node (Road) is given by the weighted
average of the sub-nodes:
𝑃𝑟𝑖𝑐𝑒𝑅𝑜𝑎𝑑 = 𝑃𝑟𝑖𝑐𝑒𝐶𝑎𝑟 𝑆ℎ𝑎𝑟𝑒𝐶𝑎𝑟 + 𝑃𝑟𝑖𝑐𝑒𝐵𝑢𝑠 𝑆ℎ𝑎𝑟𝑒𝐵𝑢𝑠 (6)
The nested logit does not minimize the aggregate cost 𝑃𝑟𝑖𝑐𝑒𝑅𝑜𝑎𝑑 : it performs the
most cost-effective choice at every given level, but this does not necessarily imply that
the upper level cost will be minimized, as represented graphically in Figure 19. In Figure
19 A we report the market shares for Cars and Buses as a function of the price ratio of the
two alternatives, and in Figure 19 B the price of the top node (Road) along with the partial
price of Cars and Buses (respectively 𝑃𝑟𝑖𝑐𝑒𝐶𝑎𝑟 𝑆ℎ𝑎𝑟𝑒𝐶𝑎𝑟 and 𝑃𝑟𝑖𝑐𝑒𝐵𝑢𝑠 𝑆ℎ𝑎𝑟𝑒𝐵𝑢𝑠 ). 𝑊 is
set to one for both Cars and Buses, 𝜆 = −8, and 𝑃𝑟𝑖𝑐𝑒𝐵𝑢𝑠 = 0.5 $/pkm (constant). For
every given combination of Price Car, Price Bus the shares of Cars and Buses are
allocated according to Eq. 1 in a cost effective way (e.g. higher price leads to lower share).
However, the total price is not monotonous: following the x-axis from right to left, as
Cars become increasingly cheaper, Road price first slight increases and then decreases.
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A
A)

B
B)

Figure 19: Share of Cars and Buses on total Road transport (A), price of transport mode (Total Road and
partial Car and Bus) (B) as a function of the ratio between Car and Bus price.
Note: Partial price represents Pricei · Sharei for i in Car, Bus, while total price represents the aggregate Road price as in Eq.
6. Total price does not decrease monotonously for Car price decreasing (from right to left on the x-axis), given constant Bus price.
The x-axis is on a log10 scale.

4.3.2 Total demand projections
EDGE-T provides estimates of total energy services projections through the
following regression formulations for country 𝑐 and time step 𝑡:
For passenger transport:
𝐺𝐷𝑃𝑐𝑎𝑝𝑐,𝑡

𝐷𝑒𝑚𝑐,𝑡 = 𝐷𝑒𝑚𝑐0 (𝐺𝐷𝑃𝑐𝑎𝑝

𝑐,𝑡−1

𝑖.𝑒.

)

𝑝𝑐,𝑡

(𝑝

𝑐,𝑡−1

𝑝.𝑒.

)

𝑃𝑜𝑝𝑐,𝑡

(𝑃𝑜𝑝

𝑐,𝑡−1

) (7)

For freight transport:
𝐺𝐷𝑃𝑐,𝑡

𝐷𝑒𝑚𝑐,𝑡 = 𝐷𝑒𝑚𝑐0 (𝐺𝐷𝑃

𝑐,𝑡−1

𝑖.𝑒.

)

𝑝.𝑒.

𝑝𝑐,𝑡

(𝑝

𝑐,𝑡−1

)

(8)

Where 𝐷𝑒𝑚𝑐0 represents a calibration value for demand in the base year, 𝑖. 𝑒. is
income elasticity, 𝑝. 𝑒. price elasticity, 𝐺𝐷𝑃𝑐,𝑡 and 𝐺𝐷𝑃𝑐𝑎𝑝𝑐,𝑡 are respectively GDP and
per capita GDP, 𝑃𝑜𝑝𝑐,𝑡 is population and 𝑝𝑐,𝑡 is transport price. EDGE-T needs as input
to perform the regression a first estimate price trend along with assumptions about the
socio-economic developments (i.e. population and GDP) from today till 2100
(represented by GDP and population). The assumed baseline values for income and price
elasticities are in Table 28.
Table 28: Price and income elasticity for all transport aggregate modes.

Transport mode
Passenger

Freight

Income elasticity
Long distance: 1.011
Short-medium distance:
0.42- 1.00*3
Long distance: 0.40*
Short-medium distance:
0.75*

Price elasticity
Long distance: -1.00*
Short-medium distance: 1.25*
Long distance: -0.65*
Short-medium distance: 0.65*

*(Mishra et al., 2013).
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1

Based on (Dargay, 2010) value for Aviation.
income countries, based on (Dargay, 2010): average value of a fleet consisting of 65% LDVs, 12%
Aviation, 12% Buses, 12% Rail.
3Low income countries.
2High

4.3.3 Input data calibration and evolution in time
Sensitivity to price elasticity on powertrain choice
Competition among different powertrains is a crucial aspect of EDGE-T as it
influences the mechanism of takeover of new technologies in the fleet. It is however
challenging to estimate it for technologies that are today not widespread, such as
alternative LDVs. To provide an educated guess, we consider an example from the
literature about the competition between two widespread fuels, Diesel and Gasoline, in
France (Givord et al., 2018) and by analogy apply the resulting elasticity of substitution
to all powertrain options. In (Givord et al., 2018) the authors aim at assessing the effect
of a Diesel tax increase on the shares of Diesel car sales. They conclude that a tax increase
in Diesel that levels up Diesel and Gasoline taxation leads to a decrease in sales of Diesel
cars of around 4 percentage points. We apply the same values to our modelling
framework, aiming at estimating the sensitivity to price change for Diesel, knowing the
market share decrease (-4 percentage points), with Gasoline total price constant. We
analyse this test case in a plot analogous to Figure 18, represented in Figure 20, where we
represent the competition between Diesel and Gasoline powertrains. Since the two
technologies are both widely accepted (car sales in France in 2017 were 47% Diesel cars
and 47% Gasoline cars (“Trends in fuel type of new cars between 2016 and 2017, by
country | European Automobile Manufacturers’ Association (ACEA),” 2017), we
represent the competition as an equal preference factors case study (𝑊𝑑𝑖𝑒𝑠𝑒𝑙 = 𝑊𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒 ,
symmetric around 𝑝𝑑𝑖𝑒𝑠𝑒𝑙 = 𝑝𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒 ). For our estimate, we assume that the increase in
Diesel tax brings Gasoline and Diesel to the exact same price, and to gain the same share
of the market (final equilibrium point, blue dot in Figure 20), which represents the final
equilibrium. The initial equilibrium represents the low Diesel tax initial situation (red
triangle in Figure 20).
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Figure 20: Share of Diesel and Gasoline cars as a function of their price for different values of λ, as test case
competition between two well established fuels.
Note: Diesel taxes increase brings from the initial equilibrium (red triangle) to the final equilibrium (blue dot). Based on
(Givord et al., 2018). The x-axis is on a log10 scale.

Assuming that fuel taxes for an ICE are around 10% of the total price, we obtain
that an increase of 40% in Diesel tax results into a 4% variation in total price. In our test
case, this leads us around a value of PriceDiesel/PriceGasoline = 0.96. This change would
be compatible with a quite steep λ, around λ = -4. Therefore, a relatively little increase in
fuel taxation (and the resulting increase in total price) shifts the preference by quite a
large value (high price elasticity on total price). This result is in line with literature
(Runkel and Mahler, 2018).
Preference Factors evolution in time
Preference factors are calibrated on historical values, and therefore reflect the
historical status of the transport system. Setting them constant in time would therefore
imply a static system, without feedbacks from the economic development and the
resulting change in behaviors of consumers. For developed countries, which have a quite
mature status of the transport system and are not expected to drastically change from the
macro-economic perspective, this assumption could be reasonable. For developing
countries however, the expected major changes in capita GDP, along with economic
development, urbanization, population increase and extensive infrastructure investments
are likely to impact on mobility demand patterns (ITF, 2017). Constant preference factors
could therefore freeze the mobility preference in time to today’s status, leading to a lockin situation for developing countries. To avoid that, we model a convergence in time of
preference factors: developing countries converge in 2100 to developed countries set of
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preferences, which are set constant in time (at their current levels). We take into account
that the preference for specific modes is influenced by the territorial morphology
(Buehler, 2011; Buehler and Hamre, 2015; Buehler and Pucher, 2012): a relatively
uniformly densely populated region like Europe offers more grounds for a diffused rail
system, hindered by urban sprawl in vast regions like the US. We identify clusters of
regions on the basis of their population density in 2015, and implement convergence for
all regions in a cluster to the region with highest per capita GDP.
Concerning the powertrain use, we apply a slightly different approach. Preference
factors at a technology level have the purpose of representing household acceptancy.
Concerning Hybrid engines and Natural Gas engine, we set the preference factors to
linearly grow in time, until they become indifferent to traditional ICE engines. Electric
Railway evolve similarly, becoming indifferent to fossil-fueled Railway. Concerning
BEV and FCEV cars, we model the preference factors following S-shaped (Gompertz)
curves. This trend emulates new technologies diffusion, and has already been applied to
alternative technologies in the automotive industry (Jenn et al., 2013)19. The gradual
increase of the preference factors would be equivalent to a reduction of the inconvenience
cost in time following Eq. 3. A more detailed description of the preference factors
assumptions is provided in the Supplementary material.
4.4 Coupling mechanism design
The coupling mechanism is designed to improve the modelling of transportation
projections (based on EDGE-T) within the full macro-economic system (provided by
REMIND). Given the structure of REMIND’s calibration routine, (see Section 4.2), this
also requires the definition of a baseline transport demand trend. EDGE-T is therefore
developed to run in two realizations: (i) as a stand-alone model, applicable to calibrate
REMIND and (ii) as a model coupled to REMIND in a system that provides detail on
transportation’s energy requirements. The two model realizations are represented in
Figure 21 and discussed in detail in the following paragraph.
A)

B)

19

Infrastructure is not directly represented in EDGE-T, but REMIND accounts for the fuel
transport and distribution infrastructure capacity needed.
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Figure 21: Working principle of EDGE-T and REMIND in calibration mode (A) and in iterative mode (B).
Note: In (A) REMIND and other input sources provide EDGE-T with the required input data, and EDGE-T provides to the
REMIND calibration fuel mix, capital costs, energy efficiency and total transport demand. In (B) EDGE-T runs in between REMIND
iterations: REMIND informs EDGE-T about the fuel prices; EDGE-T delivers to REMIND the mix of energy carriers required by
the transport sector, its energy efficiency and costs per km.

Calibration mode: EDGE-T can be used as a standalone model to calibrate
REMIND in the baseline scenario (Figure 21 A). In this configuration EDGE-T calculates
the fuel mix demanded by the transport sector, the associated costs, energy efficiency and
total transport energy demand (based on Eq. 7 and 8). In order to run in this realization,
the model needs a set of input assumptions: a best guess trend of fuel prices (provided by
a baseline REMIND run), socio-economic parameters (GDP, population) technological
development parameters (i.e. costs and performance of vehicle types). The input data
sources are reported in Table 26.
Iterative mode: In a coupled run, EDGE-T runs in between REMIND iterations
(Figure 21 B). In each iteration, REMIND performs an intertemporal optimization over
the full time period (2005-2150). In between iterations, it provides a complete set of prices
to EDGE-T, which in turn uses the fuel prices to calculate the resulting market shares of
the different vehicles and fuels (Eq. 6 and Eq. 1). EDGE-T delivers to REMIND the mix
of energy carriers required by the transport sector, its energy intensity and costs per km,
calculated on the basis of the detailed multinomial logit. as weighted averages with
respect to the market shares on the topmost node. Convergence is reached after a series
of iterations between REMIND runs and EDGE-T runs. Since EDGE-T introduces a
shock in the optimization routine of REMIND, it is set to run every 5 REMIND iterations.
In Figure 22 the flow of information from EDGE-T to REMIND is represented in more
detail. EDGE-T determines the energy efficiency of the conversion from Final Energy to
Energy Services for each energy carrier and each CES node. EDGE-T determines also
the composition of the fuel mix that is demanded by each node of the CES structure: the
available energy carriers among Liquids, Gases, Power and Hydrogen are set to sum up
to 1 for each CES node. Both energy efficiency and fuel mix directly interact with the
CES structure (solid lines in Figure 22). Capital costs for the vehicles in EDGE-T are
accounted for as investments required for transportation in the budget equation of
REMIND (dashed line in Figure 22). REMIND then determines the total energy service
demand, weighing off the required investments in transport appliances and fuel provision
on the one side against the associated utility from the aggregated transport CES leaf. In
between iterations, the costs of BEVs are adjusted in EDGE-T according to the learning
rate applied to the cumulative amount of batteries in the fleet.

PU

Page 111

Version 3

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D3.9 Report on transport sector decarbonisation

Figure 22: Flow of information between EDGE-T and REMIND.
Note: EDGE-T determines the energy efficiency of the conversion from Final Energy to Energy Services and the
composition of the fuel mix that flows in the transport branch of the CES structure, and directly influence the CES (solid lines). Capital
costs are accounted for in as transport related investments not directly on the CES (dashed line).

4.5 Analysis of the results
In this section we present the results we obtain from the system REMIND/EDGET. We first perform a diagnostic of the coupled system, aiming to assess the quality of the
convergence. We then present results from a baseline model run, with a focus on Europe
and BEV diffusion in the market.
4.5.1 Convergence performance
EDGE-T runs in between REMIND iterations introduce shocks on REMIND
optimization routine, since the solver is blind to EDGE-T decisions. In order to
understand if the models are converging towards a common optimal solution, we identify
a measure of the convergence stability and analyze its trend in the iteration domain. Fuel
prices trend represents a test bench for the convergence: oscillations in fuel prices could
be a symptom of the solver trying to establish an equilibrium, while EDGE-T
systematically nudges towards another. We measure the fluctuation in fuel prices
according to a standard deviation formulation on iteration 𝑖, region 𝑟, time 𝑡 with 𝑁 equal
to the number of iterations:
2

𝑁

2

∑
[𝑝
−𝑝 𝑟,𝑡,𝑖 ]
𝐷𝑟,𝑡,𝑖 = √ 𝑖=𝑚 𝑟,𝑡,𝑖
(9)
N

Where 𝐷𝑟,𝑡,𝑖 represents the standard deviation, 𝑝𝑟,𝑡,𝑖 is the fuel price and 𝑝 𝑟,𝑡,𝑖 the
average value of the fuel price across iterations. We calculate the standard deviation for
each combination of REMIND region, fuel and year, and we report the results in Figure
7: in Figure 23 A we report the deviation with respect to the average price in the first 10
iterations, in Figure 23 B for the last 10 iterations. High deviation (red) implies variability
in the fuel price trend, low deviation (green) indicates quite stable prices. As a general
trend, fuel prices are quite stable in the last 10 iterations (Figure 23 B), while more
variability appears in the first 10 model iterations (Figure 23 A). Some regions and time
steps show a slight deviation also in the last 10 iterations (e.g. JPN for Oil and Natural
Gas, in 2040 and 2100), but most of the regions and time steps are successfully reaching
small deviation values. Electricity for OAS in 2020 has significantly high deviation level
in A, but a substantially lower deviation in Figure 23 B. In order to analyze further the
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deviation behavior for this particular case, in Figure 24 we report OAS electricity price
in the iteration domain for 2020, adding 2100 as a comparison. In Figure 23 values for
2020 show a significant variability, but the price becomes increasingly stable towards the
last iterations. Values for 2100 are quite stable until iteration 17, then tune around a
slightly lower value.

A)

B)

Figure 23: Deviation with respect to the average as in Eq. 9 for market shares gained by different fuels20, for
all REMIND regions, in time.

Figure 24: Oil price variation across iteration for OAS, for the critical year 2020 and 2100.
Note: The initial iterations show a significant variability that smoothens down gradually leading to a quite stable price in
the last 10 iterations.

4.5.2 Baseline results
Results indicate that the system REMIND/EDGE-T produces results quite in line
with other studies. We perform a comparison exercise between the REMIND/EDGE-T
system (referred to as RE-T) and the 2016 EC Reference scenario (referred to as
2016EURef) (Capros et al., 2016). In Figure 25 we represent the values for Energy
services demand21 in Europe for 2016EURef and RE-T, for both Freight (Figure 25 A)
20
21

PU
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and Passenger transport (Figure 25 B), aggregated by transport mode. Concerning Freight
demand, RE-T results are quite in line with 2016EURef for 2015 (the first projected time
step) as well as 2050. Concerning Passenger demand, RE-T slightly overestimate energy
services demand values in 2015 with respect to 2016EURef, and results in 2050 are as
well slightly higher than 2016EURef projected values. In Figure 26 we report the Final
energy demand values of 2016EURef, RE-T, and from a REMIND standalone run, based
on the model prior to EDGE-T implementation (Pietzcker et al., 2014) (referred to as RS).
RE-T shows a higher energy demand than 2016EURef, both in 2015 and 2050.
Comparing RE-T and 2016EURes, energy for Freight is in both 2015 and 2050 lower in
RE-T than in 2016EURes, considering that Domestic and International Shipping are not
reported for 2016EURes. The difference could be related to the different values of energy
efficiency across the two models, as well as to the absence of the Inland Navigation in
RE-T. RS shows on the other hand slightly overestimated values in 2015 with respect to
both RE-T and 2016EURes, while it projects significantly lower values for both
Passenger non LDV demand and LDV demand in 2050. This is consequence of the purely
monetary driven decision making process that took place in REMIND in the stand-alone
version. In RS, BEV and FCEV cars are widely adopted as soon as the vehicle prices
become competitive, resulting in a low final energy demand (being BEVs and FCEVs
more energy efficient then ICEs).

A
A)

B
B)

Figure 25: Energy services demand for selected transport mode in a baseline run for Europe, 2016EURef and
EDGE-T, for Freight (A) and Passenger (B).
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For Freight demand: EDGE-T regression is quite in line with 2016EURef for both 2015 and 2050. For Passenger demand22:
RE-T regression slightly overestimate the energy services demand in 2015 with respect to 2016EU-Ref, but results in 2050 are quite
in line for the two models.

Figure 26: Final energy demand for the Transport sector in a Baseline scenario in a REMIND stand-alone run
(RS), in the 2016 EU Reference scenario (2016EURef) and in a coupled run REMIND/EDGE-T (RE-T).
Note: RE-T demand is shown in the detailed composition23, RS and 2016EURef are only in aggregate values 24.

CO2 emissions from transportation are reported in Figure 27, for RE-T and
2016EURef. Emissions are reported separately for domestic and international
transportation, when available. While both models see a limited increase in demand,
emissions differ due to differing shifts towards low-carbon options. Emissions from
domestic transport show a 25% decrease from 2015 to 2050 in RE-T, while the decrease
is less pronounced in 2016EURef with only 10% reduction. The decrease in emissions in
RE-T has two main drivers: biofuels importance increases, and consumers adopt a quite
significant share of advanced fuel vehicles. In Figure 28, we report the percentage of
different sources for liquid fuels in 2015 and 2050: more than 10% of liquids in 2050
come from biomass. In Figure 29, the LDV mix composition is represented by powertrain,
distinguishing between previously bought vehicles (vintages) and yearly new additions.
With respect to 2015 fleet, in 2050 alternatives such as BEVs, FCEVs and Hybrids gain
prominence, respectively around 20%, 5% and 20% of the fleet.

22
Small cars include Compact Cars, Subcompact Cars, Mini Cars; Large Cars include Large Cars,
SUVs, Vans, and Midsize Cars.
23
Small cars include Compact Cars, Subcompact Cars, Mini Cars; Large Cars include Large Cars,
SUVs, Vans, and Midsize Cars.
24
International Shipping and Aviation for 2016EURef are integrated with own calculations.
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Figure 27: CO2 emissions from Transport sector in Europe, divided into Domestic and International transport
(Bunkers)

Figure 28: Liquid fuels composition in a coupled run REMIND/EDGE-T.
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Figure 29: LDV composition in Europe by powertrain, divided in Vintages (solid fill) and yearly New
additions (faded fill), in a coupled run REMIND/EDGE-T.

High uncertainty exists however on the deployment of alternative vehicles, both
in terms of technological advancements (with a consequent costs decrease), consumers’
acceptancy and infrastructure availability. To test the range of possible costs and
acceptancy values of BEVs, we perform a sensitivity analysis on the battery cars
preference factor and non-fuel price, to assess their influence on the market share gained
in 2050 (Figure 30). For this sensitivity analysis, prices and preference factors for any
other technology are left unchanged, and BEVs are compared to the strongest competitor
in the market, ICE cars. BEVs price is set to vary in a range between 40% and 160% of
an ICE car, while preferences for BEV range from 0 (very low acceptancy) to indifference
to ICE cars (𝑊𝐵𝐸𝑉 ⁄𝑊𝐼𝐶𝐸 = 1). At 𝑃𝑟𝑖𝑐𝑒𝐵𝐸𝑉 ⁄𝑃𝑟𝑖𝑐𝑒𝐼𝐶𝐸 = 1, high acceptancy
(𝑊𝐵𝐸𝑉 ⁄𝑊𝐼𝐶𝐸 ≅ 1) would lead BEVs to gain almost 40% of the market, while ICE
(traditional and hybrid) obtain around 60%. Low prices of BEV cars
(𝑃𝑟𝑖𝑐𝑒𝐵𝐸𝑉 ⁄𝑃𝑟𝑖𝑐𝑒𝐼𝐶𝐸 < 1) push the market towards BEVs, even at low acceptancy
(𝑊𝐵𝐸𝑉 ⁄𝑊𝐼𝐶𝐸 ≪ 1): at 𝑊𝐵𝐸𝑉 ~10%𝑊𝐼𝐶𝐸 and 𝑃𝑟𝑖𝑐𝑒𝐵𝐸𝑉 ~0.5𝑃𝑟𝑖𝑐𝑒𝐼𝐶𝐸 , the share of BEVs
would be around 50%.
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Figure 30: Sensitivity analysis on the costs and acceptancy of BEV cars.
Note: Y-axis: ratio between an average BEV car and an average ICE-car. X-axis: ratio between acceptancy of BEV cars
and ICE-car25.

4.6 Conclusions and further developments
In this work, we describe the newly developed EDGE-T model and the coupling
mechanism with the Integrated Assessment Model REMIND. The coupled system
represents a consistent framework in which competition for scarce resources (fuels, CO2
emissions in a mitigation scenario), socio-economic development and transportation
interact. The coupling enhances global full-system IAM-based scenarios by providing a
much higher level of detail on the different transportation modes and vehicle choices, and
creates a consistent modelling framework that allows to represent behavioral aspects and
detailed policies. We perform a diagnostic of the coupling mechanism, analyzing the
quality of the convergence: results show that the EDGE-T run introduces a shock on the
REMIND model optimization routine, but the shock gradually decreases in the iteration
domain and leads to a stable solution. Results indicate that the system REMIND/EDGET projects for Europe an increase in energy services demand of about 20% for passenger
transport and 40% for freight between 2015 and 2050, in line with EC Reference 2016
(Capros et al., 2016). Emissions from transport sector decrease of 25% with respect to
2015 values, due to advancements in technology and an increased acceptancy of
alternative vehicles as well as a shift to bioliquids. Penetration of BEV cars reaches 20%
of the fleet in 2050, while internal combustion engines (both traditional and hybrid) are
at 75%, but results are significantly affected by assumptions on technological
development and consumer preferences.
Although the system REMIND/EDGE-T already provides interesting insights on
the possible development of the transport system, we see two areas where further
developments would improve the tool in view of a scenario-based policy analysis. First,
in the current implementation technological and modal switching heavily depend on the
initial calibration and the time-path of the preference factors, which are set exogenously
until 2100. In addition, it is quite challenging to disentangle the various constituents of
25
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the preference factors as they are currently formulated. Future work should thus focus on
restructuring the preferences structure to achieve a higher degree of endogenization in
mode switch and technology shift, as well as separate the most significant barriers to
alternative technology adoption.
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Research paper 5: R&D Policies for the transportation sector - Results
from the WITCH model (CMCC)
Status of the research paper: The authors will consider sending the research
paper for review to a scientific journal
Abstract:
We have studied optimal low-carbon RD&D investment strategies for the
decarbonisation of the transport sector. We have analysed a set of scenarios consistent
with the 1.5 oC climate target established by the Paris agreement. We have found that the
EU RD&D investment in transport foreseen by the EU mid-century strategy for batteries
for electric vehicles is in line with the optimal 1.5 oC pathways. The total cumulative
investment of Advance biofuels under the climate target is lower than the reference
scenario, however it has to start earlier. In all the scenarios with optimal RD&D the EU
sees a reduction in its mitigation cost towards a 1.5 oC target, and a reduction of the global
carbon price. Therefore, RD&D policy increases the practical feasibility of such stringent
climate targets. We have used the FASST(R) model in order to assess the premature
mortality associated with the optimal RD&D strategies for the transport sector. WE have
concluded that the EU MCS can avoid more than 150 000 premature deaths in the EU
annually, by 2050. However, the EU RD&D strategy might lead to small mortality
increases due to the high deployment of biofuels. Nevertheless, further sensitivity on
advanced biofuels emission factors and their deployed control measures and standards is
needed.
5.1 Introduction
The Paris agreement stablishes a new climate target, the 1.5 oC global average
temperature increase. Such stringent target requires a profound re-structuring of the
energy system. The transport sector certainly plays a crucial role in the that transition,
where great shares of electrification and energy efficiency measures are needed. Here we
seek out to answer what is the optimal RD&D strategy for the transport sector, focusing
on two technologies such as batteries for electric vehicles and advanced biofuels.
The European Commission sets ambitious targets for the decarbonisation of the
transport sector, such as 60% reduction in greenhouse gas emissions with respect to 1990
levels in 2050 [23]. This should be achieved without suppressing mobility [24], which is
foreseen to increase [23]. Unlike other sectors, the transport sector has not seen a big
decline in emissions since 1990, peaking in 2007 and experiencing slight decreases since
then. However, this has not been a steady decrease as in 2014 emissions have suffered a
slightly increase again [25]. Transport accounts roughly for a fourth of EU’s greenhouse
emissions, of which 70% are from the road transport [26]. Achieving these targets in a
world where mobility is bound to increase calls for innovative solutions [24]. Innovation
highly depends on RD&D strategies; to this end we focus on the road transport sector
RD&D optimal strategies for the EU.
Deep decarbonisation, such as the one required in 1.5 oC scenarios, would require
shift towards greater shares of electrification and much higher energy eﬃciency gains and
a clear shift from fossil fuels [1,2]. The feasibility of a fundamental transition like the one
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implied by such stringent climate targets depends to a great extent on technology costs
[3,4,5]. Technological innovation depends on learning-by-doing, learning-byresearching, international spillovers [5,6,7], but also on policy. Decarbonisation and
climate policies provide incentives to invest in less carbon-intensive technologies through
the imposition of an implicit or carbon price.
Integrated Assessment Models (IAMs) are increasingly improving the
representation of technical change [3,8]. Most models assume that cost reductions depend
on learning-by-doing, by using one factor learning curves which model the effect of
cumulative capacity of a given technology on its installation cost. However, this approach
neglects the role and effect of RD&D investments (learning-by-research), which is crucial
for less mature technologies. In order to tackle this limitation some models [9,10,11, 12]
have developed two factor learning curves that endogenously account for the effect of
learning by research and learning by doing. Modelling the effect of RD&D measures in
technological cost remains more complex than modelling the effect of installed
cumulative capacity (learning by doing), as the former implies accounting for the
evolution of the knowledge stock in a given region. Therefore, the generation of new
knowledge and new ideas, the knowledge stock, is captured using patent counts or RD&D
investment data. The knowledge stock itself depends on the knowledge diffusion, the socalled knowledge spillovers [13, 14], which measure how the knowledge gain for a certain
technology is spread and adopted by other regions [15].
5.2 Methods
Here we use the IAM WITCH, to calculate the optimal RD&D investment
pathways of the 1.5 oC for the transport sector.
The WITCH (World Induced Technical Change Hybrid) is an integrated
assessment model designed to assess climate change mitigation and adaptation policies.
It consists of a dynamic global model that integrates in a unified framework the most
important elements of climate change. The economy is modelled through an intertemporal optimal growth model which captures the long term economic growth dynamics.
A compact representation of the energy sector is fully integrated (hard linked) with the
rest of the economy so that energy investments and resources are chosen optimally,
together with the other macroeconomic variables. Land use mitigation options are
available through a soft link with a land use and forestry model (GLOBIOM).
In WITCH, RD&D investment is a decision variable in the model thus it can be
optimized intertemporally, the effect of learning-by-research is captured by modelling the
knowledge stock, as described in eq. 1. Stocks of knowledge are defined for the transport
technologies, batteries for electric vehicles and advanced biofuels. At each point in time
t in region n, new ideas are produced using a Cobb-Douglas combination between
domestic investments in innovation, Ird, the existing stock of knowledge, RDrd and the
knowledge that gained through international spillovers SPILL. The parameters a, b, c, and
d are coefficients of the knowledge production function are technology dependent, and
are calibrated based on [15,13].
𝑅𝐷𝑟𝑑 (𝑡 + 1, 𝑛) = 𝑅𝐷𝑟𝑑 (𝑡, 𝑛)(1 − 𝛿𝑟𝑑 )∆𝑡 + ∆𝑡 × 𝑎 × 𝐼𝑟𝑑 (𝑡, 𝑛)𝑏 ×
𝑅𝐷𝑟𝑑 (𝑡, 𝑛)𝑐 × 𝑆𝑃𝐼𝐿𝐿𝑟𝑑 (𝑡, 𝑛)𝑑
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The parameter a is a simple scale parameter, while the parameter d = 0.15 implies
that a 1% increase in spillovers increases output of domestic ideas by 0.15%. The return
to one’s own investment, parameter b is 85% for the transport sectors. For the transport
technologies the parameter c is zero. The knowledge stock is depreciated at δrd and the
spillovers are defined as in eq. 2.
𝑆𝑃𝐼𝐿𝐿𝑟𝑑 (𝑡, 𝑛) =

𝑅𝐷𝑟𝑑 (𝑡,𝑛)
∑𝑛∈𝑂𝐸𝐶𝐷

𝑅𝐷𝑟𝑑 (𝑡,𝑡)

× (∑𝑛∈𝑂𝐸𝐶𝐷

𝑅𝐷𝑟𝑑 (𝑡, 𝑛) − 𝑅𝐷𝑟𝑑 (𝑡, 𝑛)) (2)

The contribution of foreign knowledge through spillovers to the production of new
domestic ideas depends on the interaction between two terms: the first describes the
absorptive capacity whereas the second captures the distance from the technology
frontier, which is represented by the stock of knowledge in OECD countries [9].
The knowledge stock is used to lower installation costs, SC, which are determined
by a two-factor learning curve as in eq. 3.
𝑆𝐶𝑗 (𝑡,𝑛)
𝑆𝐶𝑗 (0,𝑛)

𝑅𝐷𝑗 (𝑡,𝑛)

= (𝑅𝐷

−𝑙𝑏𝑟_𝑓𝑎𝑐𝑡𝑜𝑟

)

𝑗 (0,𝑛)

𝑤𝑐𝑢𝑚𝑗 (𝑡,𝑛)

(𝑤𝑐𝑢𝑚

−𝑙𝑏𝑑_𝑓𝑎𝑐𝑡𝑜𝑟

)

𝑗 (0,𝑛)

(3)

In two-factor learning curves (eq. 3) investment costs decrease as a result of the
accumulation of knowledge (learning-by-researching) or experience (learning-by-doing)
which are independent. The accumulation of knowledge is produced by investments in
research and development, as discussed above, while the stock of experience is modelled
through global cumulative installed capacity, wcum (full global technology spillover is
assumed). In eq. 3 lbrfactor and lbdfactor measure the strength of the learning effect
independently, the former measures the effect of the knowledge stock gained via eq. 2
and the latter measures the effect of the cumulative capacity on the reduction of
installation costs. They relate to the corresponding learning rates, lbrrate and lbdrate,
which measure the rate at which unit costs decrease for each doubling of the knowledge
or capacity stock, through the following relationship: lbdrate = 1-2 lbdfactor, the same
applies to learning-by-researching.
In order to address the question of the air pollution implication of transport RD&D
policies we have used the FASST(R) model. FASST(R) is an R version of the fast
chemistry transport model of the reduced-form TM5- FASST model developed at JRCIspra, to compute the annual concentrations of several pollutants p, namely SO2, NOx,
fine Particulate Matter (PM 2.5) and O3. This version of FASST(R) has been designed to
be directly plugged to the WITCH output in order to sequentially calculate the air quality
outcomes of a given scenario. It calculates concentrations, premature death from exposure
to Ozone and PM2.5, and crop loss due to Ozone. The fine PM2.5 include Particulate
Organic Matter (POM), secondary inorganic PM, dust and sea-salt as in [16]. The
FASST(R) model produces concentrations on a world spatial grid of resolution of 1°x1°.
It has already been previously used in other studies to assess premature death from air
pollution exposure [17,19,20]. It includes an urban increment algorithm in order to
account for the population distribution and the distribution PM concentrations. FASST(R)
uses source-receptor matrices in order to calculate world annual concentrations. Ozone
and PM2.5 (including secondary and natural PM2.5) concentrations are then used to
calculate moralities as in [16].
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5.2.1 Scenarios
In order to analyse the role of transport RD&D in climate policy we have defined
the scenario matrix described in Table 29.
In the ‘OPT’ optimal scenario the investment in RD&D is a decision variable, and
the target is achieved optimally, in all the regions. The 600GtCO2 global carbon budget
(from 2011 to 2100) is consistent with the 1.5 oC climate policy and it is achieved
optimally. In these scenarios both the RD&D investment and the emissions’ profile are
set optimally, such that they comply with the carbon budget constraint.
The ‘REF’ scenario, where a no climate policy is imposed, assuming an SSP2
business as usual baseline. is used as a counterfactual to climate policy
The ‘noRDTransp’ scenario achieves the same climate target but with no optimal
RD&D policy in transport (batteries for electric vehicles and advanced biofuels), in this
scenario investment in RD&D for transport technologies is set to the levels of the ‘REF’
scenario. Therefore, in this case the RD&D investment is exogenously fixed to the REF
scenario levels. The difference between this scenario and the ‘OPT’ scenario yields the
value of the EU’s optimal RD&D strategies for the transport sector.
In the same way, the ‘noRDBatt’ scenario fixes RD&D investment in batteries for
electric vehicles to the ‘REF’ scenario. As explained for the ‘noRDTransp’ scenario, the
difference between this scenario and the ‘OPT’ scenario provides information on whether
the EU RD&D strategy should include investment in RD&D for batteries, instead of
relying only on foreign knowledge (mainly form South Korea).
The ‘MSC’ foresees a constraint in the EU carbon budget from 2020 to 2050 to
43GtCO2 and zero net emission from then on, consistent with the EU mid-century strategy
goal of zero net emission by 2050. In the case of the WITCH model for such stringent
global carbon budgets, the optimal is found at a somewhat lower carbon budget. This
means that the EU constrain is non-binding, as it is optimal to be lower the 43GtCO2
budget on a global budget consistent with the 1.5 oC temperature target. Accordingly, the
“noMCS” scenario will be the optimal consistent scenario, as in the ‘MCS’ the model is
forced to spend a EU carbon budget that is above the optimal for that climate policy. The
difference between the ‘REF-noMCS’ and the ‘REF-MCS’ provides a sense of what the
European mid-century strategy means in terms of RD&D transportation investments in
the EU can achieve even if on international agreement on a climate target would be in
place.
Table 29: Scenario matrix.

Scenarios

Description
All regions optimally set
their RD\&D Strategy

OPT

PU

Carbon budget 600 GtCO2
for 2011-2100

REF

Consistent with global
average temperature increase

No climate policy

Page 126

Version 3

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D3.9 Report on transport sector decarbonisation

noRDTransp

All regions achieve the
climate targets with no
further RD\&D
investments in
transportation (i.e. RD\&D
investments are equal to
the REF scenario)

noRDBatt

All regions achieve the
climate targets with no
further RD\&D
investments in Batteries
(i.e. RD\&D investments
are equal to the REF
scenario)

by 2100 consistent with 1.5
o
C

MCS
EU carbon
budget of
43GtCO2
from 2020-50

noMCS
No EU
carbon
budget

MCS

noMCS

EU carbon
budget of
4G3tCO2
from 2020-50

No EU carbon
budget

5.3 Results and discussion
5.3.1 RD&D Optimal investment
Figure 31 shows the optimal investments pathways for the scenarios describes in
Table1.
The ‘noRDtransp’ scenario has similar levels as the ‘REF’ because by
construction in this scenario the investment is fixed to the reference scenario. Regarding
batteries for electric vehicles one sees a rapid and steep scale-up of the RD&D
investments in 2025 already. This rapid scale up is seen in both the optimal 1.5 oC policy
target and in the reference with the EU carbon budget constraint, meaning that both
policies are aligned. In the case of advanced biofuels, it is found that the investment is
shifted to the early years rather and scale-up in magnitude. The ‘MCS’ optimal scenario
shows later and lower investments because the 43GtCO2 is non-binding, and forcing the
model to reach that constraint relaxes the EU effort. Finally, the non RD&D investment
in batteries in the EU, would not cause a big change in the investments in RD&D in
advance biofuels in the optimal scenario. Only in case of a less stringent EU target, the
abandon of RD&D in batteries would mean more RD&D investment in advanced biofuels
(as seen by the ‘MCS’ filled lines in Figure 31).
In Figure 31 we see generally, an early peak followed by a decrease in RD&D
investment, is due to the fact that there is an initial first (riskier) investment that is needed
to start the transition and once the transition in on the way, the learning-by-doing effect
takes over and investment in research goes down.
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Figure 31: Optimal investment in RD&D in the transport Sector.

The cumulative investment of the optimal scenarios is shown in Figure 32. The
perfect-foresight feature of the WITCH model allows for intertemporal optimization,
which is useful in RD&D investment modelling because there is a time lag between the
investment and the realization of the cost reductions. As seen in Figure 32 for the advance
biofuels, the total cumulative investment is lower in the climate target scenarios but a bug
part of the investment volume is shifted to the yearly years. Meaning that climate policies
might not mean greater investments, but optimally timed thought out the century.
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Figure 32: Cumulative RD&D investment in transport technologies.

5.3.1 Mitigation costs
Figure 33 show the mitigation costs associated with the RD&D investment
policies for transport. These are calculated with respect to the ‘noRDTransp’ scenario in
order to grasp the total macroeconomic value of these policies. In all the cases, RD&D
strategies lower the mitigation costs with respect to the fix RD&D investment case.
Additionally, they also lower the global 2025 carbon price. This is important because
RD&D policies in transport help increasing the feasibility of achieving such stringent
climate targets.
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Figure 33: Mitigation costs in terms of net present value (NPV) and global carbon prices for the optimal
scenarios with regard to ‘noRDtransp’ scenario.

5.3.2 The value of transport RD&D policies in terms of air pollution
impacts.
We use a fast chemistry transport model, FASST(R), an R version of the reducedform TM5-FASST model developed at JRC-Ispra [16], to compute the annual
concentrations of several pollutants p, namely SO2, NOx, fine Particulate Matter (PM2.5)
and O3., based on the emissions that are produced by the WITCH model. The air pollution
modules in WITCH uses the GAINS based emission factors as in [17,18].
The results are seen in Figure 34, where we show the avoided premature mortality
with respect to the reference scenario. In case of non-existing international agreement on
a climate target (‘REF’ scenario) the EU mid-century-strategy alone, as modelled here,
could help reducing more than 150 000 premature deaths annually by the year 2050.
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Figure 34. Avoided premature deaths due to air pollution
Note: in the Optimal climate policy (cb600), the non-transport RD&D strategy (cb600noRDtransp) and the reference EU
mid-century carbon budget scenarios, with respect to the reference scenario, for the years 2030 and 2050.

One, of the puzzling results, is the fact that RD&D policies under a climate policy
of 1.5 oC, avoids around less 200 premature deaths by 2050 than the no RD&D optimal
investment strategy. As seen above RD&D policies in the transport sector help to reduce
mitigation costs. However, their benefits for air pollution are not clear, the high
investment in advance biofuels could potentially pose a problem in term of air pollution.
This does not mean that these policies create a negative externality, but that they need to
be accompanied by regulation on biofuel emission standards. Additionally, it needs to be
noted that the WITCH model currently assumes the same emission factors for biofuels
and advance biofuels, and that the impacts of biofuels for air pollution are far from
generating consensus in the literature [21,22].
5.4 Conclusions
We have studied green RD&D strategies for the decarbonisation of the transport
sector with the WITCH model. We have analysed a set of scenarios consistent with the
1.5 oC climate target established by the Paris agreement. We have found that the EU
RD&D investment in transport foreseen by the EU mid-century strategy for batteries for
electric vehicles is in line with the optimal 1.5 oC pathways. The total cumulative
investment of Advance biofuels under the climate target is lower than the reference
scenario, however it has to start earlier. In all the scenarios with optimal RD&D the EU
sees a reduction in its mitigation cost towards a 1.5 oC target, and a reduction of the global
carbon price. Therefore, RD&D policy increases the practical feasibility of such stringent
climate targets.
We have used the FASST(R) model in order to assess the premature mortality
associated with the optimal RD&D strategies for the transport sector. We have concluded
that the EU MCS can avoid more than 150 000 premature deaths in the EU annually, by
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2050. However, the EU RD&D strategy might lead to small mortality increases due to
the high deployment of biofuels. Nevertheless, further sensitivity on advanced biofuels
emission factors and their deployed control measures and standards is needed.
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